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(December 2007) 
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Chair of Advisory Committee: Dr. Magdy Attia 
Conducting full annulus experiments on multistage compressors is costly and time 
consuming due to the complexity of the experimental processes. To reduce complexity, 
Computational Fluid Dynamics (CFD) methods are applied to turbomachinery and other 
applications in recent analysis of such cases. CFD methods are widely used within the 
aerospace industry and are increasingly demonstrating their reliability. For axial 
compressors, it is known that highly staggered compressor stators will increase the 
aerodynamic loading on the stator, which directly relates to the compressor stall and 
efficiency. In this work, compressor stators stagger angle is increased 4 ° to induce 
separation on the modified GE stator type B and mass flow is injected to eliminate this 
separation on the suction surface of the airfoil. Using airfoil geometry obtained from 
NASA, 2 different CFD codes; NASA's SWIFT and Gambit-FLUENT are employed to 
perform the analysis on the airfoil and to show the effectiveness of CFD. NASA's Codes, 
GRAPE and TCGRID are used to generate 2D and 3D mesh around the airfoil, and, to 
analyze the flow, RVCQ3d and SWIFT are employed for 2D and 3D cases, respectively, 
to detect separation on the Suction Surface of the stator. The commercial CFD code 
Gambit is used to generate mesh around a 3D airfoil and FLUENT is used to investigate 
the effectiveness of the flow control mechanism over the stator. Separation was 
successfully induced by restaggering the stators. Furthermore, it was successfully 
eliminated by injecting mass flow via slits on the suction surface. 
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CHAPTER I 
INTRODUCTION 
A. Problem Description 
In past years, enormous efforts to increase efficiency in turbofan engines have 
been made. One of the methods to increase efficiency is to increase aerodynamic 
loading, or static pressure along the compressor stator. To increase the static pressure 
along the compressor stator, increase in stagger angle on the stator blade is required 
and by increasing stagger angle, flow separation on the blade is unavoidable. 
Separation can be controlled by injecting mass flow into the suction surface of the 
airfoil which will stabilize the stator's aerodynamic loading and as a result; engine 
weight can be reduced by reducing blade and stage count. 
To investigate the flow separation and control on the compressor stator, full 
annulus experiment is necessary. However, conducting full annulus experiment is 
expensive and painstaking. Thus, Computational Fluid Dynamics (CFD) programs 
have been employed to reduce the cost and time while analyzing highly sophisticated 
turbomachinery problems. Based on the stator blade experiment conducted by NASA 
[1], CFD analysis will be conducted to investigate and verify the effectiveness of the 
flow control mechanism described in the paper [reference] on the stator blade. 
This thesis will focus on the modified GE Stator Type B having inlet Mach 
number of 0.4 and static pressure ratio of 0.92 at different stagger angles to 
investigate separation and control. Also, the investigation will focus only on 25%, 
50%, and 75% span since at 0% and 100% span, the end wall boundary layer, as well 
as higher stagger angles due to the sweep, have an adverse effect on the flow solution. 
Three CFD codes: 2D and 3D NASA CFD codes, and Gambit-FLUENT, are 
used to investigate flow separation and control. NASA codes are used to analyze the 
2 
flow separation on the highly staggered compressor stator. NASA's CFD code was 
originally developed to investigate the aero/thermo properties of compressor and 
turbine blades. The suite of codes consists of GRAPE, RVCQ3d, TCGRID, and Swift. 
GRAPE (Grids about Airfoils using Poisson's Equation) is used to generate mesh 
around 2D airfoil sections and RVCQ3D (Rotor Viscous Code Quasi 3-D) is applied 
to the 2D mesh to solve for the aero/thermo properties around the given 2D airfoil. 
TCGRID (Turbomachinery C-GRID) is used to generate 3D mesh around a three 
dimensional airfoil and SWIFT is the solver for the 3D aero/thermo properties. 
Gambit and FLUENT are commercial CFD programs that are widely used in the 
aerospace propulsion industry. Gambit is used to generate 3D mesh around the airfoil 
and then the mesh is imported by FLUENT to analyze the flow. Lastly, Fieldview, a 
data visualization program was used for graphical purposes. 
B. Literature Survey 
A number of experiments have been conducted by Culley et al. [1] on a four-
stage compressor by using modified GE Stator Type B. Cully [1] stated that by using 
adequate flow control, 30% of blade count can be reduced. In Cully's experiment [1], 
the stators were originally designed by applying a modified NACA 65-seies thickness 
distribution to modified circular-arc mean-lines. The stators are slightly modified to 
accommodate a difference in hub-tip radius ration between the GE and NASA low 
speed compressor facilities. The NASA stator has a solidity of 1.38, aspect ratio of 
1.32, a stagger angle of 42°, and a camber of 40.5°. The chord is 9.4 cm and the 
stator assembly is sealed at both the hub and tip junctions with the flow path. Details 
of the original design of the blades are reported in Wisler et al. [2]. 
Culley et al. [1] investigated flow separation detection and control by using 
3 
NASA LSAC (Low Speed Axial Compressor), Figure 1. Details of the NASA LSAC 
are reported in Wasserbauer et al. [3]. 
Air 
straightener —v 
\ 
Plenum 
bellmouth -
Throttle valve — 
Plenum __ 1 22-m-diam axial-flow \ 
\ compressor assembly —i \ 
/ i— Bellmouth ' 
Volute collector 
<— Torque sensor 
r jf Slip-ring assemblies 
Motor 
cooling 
blower 
Bedplate — ! 
Atmospheric/altitude exhaust —-- O^ 
Stands 
Figure 1. NASA Low-Speed Compressor Facility (from Wasserbauer [3]) 
52 stator blades are installed at a stagger angle increase of approximately 4° 
to induce separation. Separation is detected by changes in static pressure along 5, 70, 
75, and 80% of chord on the suction surface and an average of 1% of the steady mass 
flow rate is tangentially injected from 6 slots along the suction surface at 35% cord 
(for all airfoils in the row) which covers approximately 10% to 90% of span to 
eliminate separation as shown in Figures 2 and 3. 
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Figure 2. Four static taps and injection ports on suction surface (from Culley [1]) 
^ 
P 2 P 3 P 4 
Figure 3. Sensing separation from blade surface (from Culley [1]) 
Kirtley et al. [4] conducted full four stage compressor analysis using GE 
LSRC (Low Speed Research Compressor) on separation and control by injecting 1% 
of compressor mass flow at an angle of 20° to the flow to maintain attached flow 
and used Computational Fluid Dynamics (CFD) to validate the results. Reynolds 
5 
Averaged Navier-Stokes (RANS) solver was used and Kirtley [3] stated that "The 
ultra-low solidity stator did not exhibit the levels of separation predicted by the CFD 
without flow control was disappointing because the flow control effect is maximized 
when repairing high levels of separation". 
Uzol et al. [5] performed 2D unsteady RANS simulation on stator-rotor 
interaction at the mid-section using FLUENT with two standard turbulence models, 
Renormalization Group (RNG) k-s and Reynolds Stress Transport Model (RSM). 
It was concluded that RSM model predicted more reasonable turbulence levels when 
compared to the RNG model, but still the levels were much higher than the 
experimental measurements. 
Rabai et al. [6] performed 2D CFD analysis using the Spalart-Allmaras 
turbulence model in FLUENT on straight and swept linear cascades at different 
stagger angles with inlet Mach number of 0.15. The analysis indicated that the CFD 
technique predicts accurate results in the aerodynamic lift and drag characteristics for 
both straight and swept blades. 
Based on the above survey, this thesis will focus on the flow separation and 
elimination on the stator blade to increase aerodynamic loading. Percent mass flow 
injection, turbulence model, and injection angle will be chosen to best eliminate the 
flow separation. 
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CHAPTER II 
2D MESH GENERATION AND CFD ANALYSIS 
A. Mesh Generation 
The NASA GRAPE code (Grids about Airfoils using Poisson's Equation) 
generates 2D mesh around airfoils. The code allows arbitrary specification of inner 
and outer boundary points, and then generates interior points as a solution to the 
Poisson equation. The coordinate system in GRAPE is the Cartesian (x, y) coordinate 
system. GRAPE automatically generates C-grid around the airfoil with given input 
airfoil coordinates and geometric boundary conditions. These conditions are: x 
coordinate of the inlet boundary, leading edge of the airfoil, trailing edge of the airfoil, 
and the exit boundary. The namelist inputs include; Grid Size and Outer Boundary 
Parameters, Grid Spacing and Algorithm Parameters, and Blade Coordinates. GRAPE 
will also calculate the number of blades by reading pitch data from the input 
parameters. 
Since the GRAPE code is valid only for 2D airfoils, the blade is cut into 3 
sections; 25%, 50%, and 75% span. The airfoil coordinates were extracted using 
CATIA v5. Each airfoil section consists of 129 points in both x and y coordinates and 
is entered in proper GRAPE format using the Cartesian coordinate system and saved 
as ASCII dataset. The input parameters, the coordinates, and the grid results generated 
by GRAPE for 50% span of the blade are included in Appendix A. The airfoil and its 
boundary are shown in Figure 4. 
7 
Figure 4. 50% span of the airfoil and boundary shape generated by GRAPE 
To investigate a valid solution with computational methodology, grids are 
required to be generated in certain conditions. The 225 x 33 grid, consists of 7,425 
cells, is generated by using Hermite polynomial clustering along the blade surfaces, 
span, and wake. Since GRAPE generates the blade by connecting two points, many 
points are entered in the leading and trailing edge of the airfoil compared to the 
suction and pressure surfaces to generate finer curvature around the leading and 
trailing edge of the airfoil as shown in Figures 5 and 6. 
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Figure 5. Leading edge mesh at 50% span using GRAPE 
Figure 6. Trailing edge at 50% span using GRAPE 
To give accurate losses, skin friction coefficient values, or heat transfer values 
for viscous solutions, GRAPE recommends the grid of the leading edge and trailing 
edge of the airfoil to be closer and finer and the grid spacing away from the inner 
boundary to be closer to the blade surface as shown in Figure 7. 
Figure 7. Surface mesh at 50% span using GRAPE 
The most dominant parameters in the input file of GRAPE, used to generate 
such boundary mesh, are dsi, nle, nte, dsle, dste, and dsra: 
• dsi determines the grid spacing away from the inner boundary of the blade and has 
a direct effect on the solution. When the grid spacing is too far or too close to the 
boundary, computational errors are expected. Thus, careful examination of the 
grid is required when calculating dsi since it is on the order of 10"5. 
• nle and dsle, nte and dste are used in generating the mesh around the leading and 
trailing edges of the airfoil. 
• nle represents the number of points equally spaced around the leading edge and, 
• dsle represents the spacing around the leading edge as a fraction of the total arc 
length around the blade. If either parameter does not meet the requirement of 
generating a fine mesh, curvature of the leading edge is directly influenced and 
likewise for the nte and dste. 
• dsra is used to locate the center of the leading edge clustering on the airfoil and is 
calculated using the pressure surface arc length and total surface arc length. 
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GRAPE recommends a value of 0.49 for compressor blades, however, for this 
case, 0.42 is used to locate the center of the leading edge. By following the 
complete instruction of Chima [7], 2D 50% span mesh is generated as shown in 
Figure 8 and the other 2 airfoil section meshes are included in Appendix B. 
Figure 8. 2-D airfoil mesh at 50% span using GRAPE 
B. CFD Analysis 
To validate whether the CFD code is working properly, it is strongly 
recommended to initiate the case where there is no present separation. Culley [1] 
detects the separation by pressure taps located at 70%) and 85% chord at different 
stagger angles. RVCQ3D is capable of calculating the static pressure and the Mach 
number along the blade surface and along the given boundaries. 25%, 50%, and 75% 
of the span at a = 42°, a = 44°, and a = 46° are examined to analyze the flow 
characteristics. 
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a. Code Setup 
RVCQ3D (Rotor Viscous Code Quasi-3D), NASA's 2D CFD code for 
analysis of quasi-three-dimensional viscous flows in turbo-machinery, is used to solve 
this case. The code solves the thin-layer Navier-Stokes equation on a blade to blade 
surface of revolution using an explicit finite-difference technique. RVCQ3D is written 
completely in Fortran and name-list input data, including grid size parameters, 
algorithm parameters, boundary condition and code control, flow parameters, viscous 
parameters, and blade row data, are supplied to RVCQ3D in an ASCII dataset as 
described in Chima [8]. 
Second-order artificial dissipation coefficient is set to 1.0 for flows with 
shocks and fourth-order artificial dissipation coefficient is set to 1.5 to stabilize the 
convergence. When coefficients are set higher or lower than the input value, the 
solution wiggles. Spatially variable time step is used to accelerate the convergence of 
the code and Courant number of 5.6 is set as recommended in Chima [7]. 
The velocity component is held constant at the initial value based on the inlet 
Mach number and absolute flow angle a at the leading edge. Otherwise, the 
velocity vector at the leading edge of the airfoil is affected by the velocity of the 
adjacent cell and influences the flow angle which disturbs the solution. The exit static 
pressure is also held constant to create a constant exit boundary condition. The inlet 
Mach number is set to 0.4 and the static pressure ratio to 0.92. 
Baldwin-Lomax turbulence model, which includes transition models and 
surface roughness effects, is used. Transition is predicted by the ratio of turbulent and 
laminar viscosity and the default value used was able to satisfactorily predict 
separation. 
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All RVCQ3D input files at each section are attached in Appendix A and, note 
that, since the same conditions are applied to all five sections of the blade, all the 
input parameters are the same except for the absolute inlet flow angle. 
b. Convergence Histories and Results at 50% Span 
RVCQ3D calculates the convergence history of the maximum residual and the 
RMS residual of density, mass flow error, and exit flow properties P0exit and T0aat 
versus iteration. A run of 3000 iterations can be concluded fairly quickly. Therefore, 
for all 2D cases, 3000-iteration runs were performed to eliminate any possibility of 
any wiggles or jumps after stabilization of the solution. Solutions are considered 
converged when the scaled residuals for the governing equations meet following 
requirement which are as follows: 
• maximum residual is less than 10~8, 
• RMS residual of density is less than 10"6, 
• mass flow error perturbation residual is less than 10~5, 
• Po,exit perturbation residual is less than 10"6, 
• T0,exit perturbation residual is less than 10"6, and 
• All of the above requirements are held for 200 iterations. 
Ata = 42°, Maximum residual and RMS residual of density converges at 
1460 iterations as shown in Graph 1 and 2. 
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Iteration vs rrms 
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Graph 1. Iteration vs rrms at a = 42° Graph 2. Iteration vs rmax at a = 42° 
Poexit and Toexit converge at 2330 and 1840 iterations and P0 and T0 perturbation 
residuals at the exit are 0.99679 and 0.99996 as shown in Graphs 3 and 4. 
Iteration vs IV*' 
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Graph 3. Iteration vs P0,exit at a = 42° Graph 4. Iteration vs T0,exit at a = 42° 
Mass flow error stabilized at 2060 iterations and the mass flow error at the exit is 
-0.000134 as shown in Graph5. 
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Iteration vs rrdot_error 
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Graph 5. Iteration vs m error at a = 42° 
Graphs 6 and 7 show the static pressure and the Mach number distributions along the 
pressure and the suction surface of the airfoil a\a = 42°. Both graphs show that the 
Mach deceleration rate decreases at approximately 85% cord. 
Graph 6. Ps distributions at a = 42° Graph 7. Mach# distributions at a = 42° 
Negative incidence angle is shown and results in a higher static pressure on the 
suction surface and lower static pressure on the pressure surface at the leading edge of 
the airfoil. The pressure lines intersect at 9.2% cord. Low pressure on the pressure 
surface at the leading edge is an indication of flow acceleration on the pressure 
surface. 
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Figure 9. 50% span Mach number contours at a = 42° 
Figure 9 shows the Mach number contours around the airfoil. By comparing Graph 7 
and Figure 9 the blue region at the trailing edge of the airfoil represents low Mach 
number but not detached flow. 
Atcr =44°, P0,exit converges at 2120 iterations and T0.eXit converges at 1660 
iterations as shown in Graphs 8 and 9. P0 and T0 perturbation residuals at the exit are 
0.99663 and 0.99997. 
Graph 8. Iteration vs P0>exit at a = 44° Graph 9. Iteration vs T0 exit at a = 44° 
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The pressure lines intersect at 6.6% cord and the Mach number deceleration rate 
decreases at approximately 83% cord. The slope thereof slowly levels off earlier than 
for the a = 42° case, since the stagger angle has increased by 2°. 
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Graph 10. Ps distributions at a = 44° Graph 11. Mach# distributions at a = 44° 
Figure 10. 50% span Mach number contours a = 44° 
The maximum Mach number has decreased since the stagger angle has 
increased. The low Mach number region has extended and a small patch of separated 
flow is present at the trailing edge. 
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Ata = 46°, P0,exitconverges at 1870 iterations and T0,exit converges at 1500 
iterations as shown in Graphs 12 and 13. P0 and T0 perturbation residuals at the exit 
are 0.99621 and 1.00005. 
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Graph 12. Iteration vs P0,exit at a = 46° Graph 13. Iteration vs T0>exit at a = 46° 
The pressure lines intersect at 3.65% cord at the leading edge and the static 
pressure begins to stabilize at 76.3% cord and decreases at 80.7% cord. Both Graphs 
14 and 15 show such characteristics since greater reverse flow exists at the trailing 
edge. 
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Graph 14. Ps distributions at a = 46° Graph 15. Mach# distributions at a = 46c 
The maximum Mach # is 0.572 and Figure 11 shows clear and earlier separation near 
the trailing edge of the airfoil. The maximum static pressure has increased by 1.2% 
and the maximum Mach # has decreased by 1.6% compared to the a = 42° case. 
Figure 11. 50% span Mach number contours at a = 46° 
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Graph 16. Ps distributions on the suction surface at 50% span 
Graph 16 shows the static pressure distributions on the suction surface. As the 
stagger angle increases, static pressure is lower at the leading edge and the pressure 
drop at a = 46° is twice as a = 44° from the static pressure at a = 42°. The static 
pressure slope reversal is approximately at 40% cord for all cases and the static 
pressure at higher stagger angle rises faster than at lower stagger angles. The 
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maximum static pressure drop between a = 42° and a = 46° from 0% to 40% cord 
is 5.88%, and rise from 40% to 75% is 1.83%. 
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Graph 17. Ps distributions on the suction surface from 75% to 95% cord at 50% 
span 
Graph 17 shows the gradual static pressure decrease in slope as stagger angle 
increases. Ata = 46°, presence of separation is detected by continuous decrease in 
static pressure and the highest drop between a = 42° and a = 46° is 1.83%. 
Table 1. Circumferentially averaged flow quantities at inlet and exit static/total 
pressure ratio at or = 42° and a = 46° at 50% span 
" s ' * o,in 
' (y ' o,in 
a = 42° 
Inlet 
0.87974 
0.99999 
Exit 
0.92 
0.99679 
a =46° 
Inlet 
0.86646 
0.99999 
Exit 
0.92 
0.99621 
At a = 42°and a = 46°, the static pressure rise from inlet to exit is 4.38% and 
5.82%, respectively, and the total pressure loss is 0.32% and 0.38%. The static 
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pressure has risen 1.44% at a = 46°. 
c. Convergence Histories and Results at 25% Span 
A t a = 4 2 ° , P0>exit converges at 2170 iterations and Toexit converges at 1680 
iterations as shown in Graphs 18 and 19. P0 and T0 perturbation residuals at the exit 
are 0.99644 and 0.99996. 
Graph 18. Iteration vs P0,e\it at a = 42° Graph 19. Iteration vs Toexit at a = 42° 
The pressure and suction surface pressure lines intersect at 12.1% cord and 
the rate of static pressure rise decreases at 88% cord length. 
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Graph 20. Ps distributions at a = 42° Graph 21. Mach# distributions at a = 42° 
21 
The maximum Mach number is 0.776. The blue region shown in Figure 12, 
where the Mach number becomes low, extended further in from the trailing edge due 
to the higher camber angle. 
Figure 12. 25% span Mach number contours at a = 42° 
At a = 46°, P0,exit converges at 1870 iterations and T0,exit converges at 1450 
iterations as shown in Graphs 22 and 23. P0 and T0 perturbation residuals at the exit 
are 0.99621 and 1.00033. 
Graph 22. Iteration vs P0,exit at a = 46° Graph 23. Iteration vs Toexit at a = 46° 
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The pressure and suction surface pressure lines intersect at 6.48% cord and 
the static pressure reverses its slope direction at 68.9% cord; an indication of severe 
flow separation. 
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Graph 24. Ps distributions at a = 46° Graph 25. Mach # distributions at a = 46° 
The maximum Mach number is 0.557. The blue region shown in Figure 13, where the 
Mach number becomes low, extended further in from the trailing edge due to the 
higher camber angle. The blue region in Figure 13 represents separation and also the 
presence of backflow at the trailing edge, this is further evident in Graphs 24 and 25. 
Figure 13. 25% span Mach number contours at a = 46° 
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Graph 26. Ps distributions on the suction surface at 25% span 
Graph 26 shows the static pressure distributions on the suction surface. As stagger 
angle increases, static pressure is lower at the leading edge. The static pressure rising 
point is at 37.2% cord length for a = 42° and 27% cord length for a = 46° and the 
static pressure at higher stagger angles rises faster than at lower stagger angles. The 
maximum static pressure drop between a = 42° and a = 46° from 0% to 40% cord 
is 3.86%, and rise from 40% to 75% is 4.84%. 
24 
0.9 
03 
Q_ 
0.875 
0.85 
% cord vs Ps 
. ^ ^ 1 1 1 
— ^ p h a 4 2 
—alpha46 
i 
65 70 75 
%Cord 
90 93 
Graph 27. Ps distributions on the suction surface from 65% to 95% cord 
Graph 27 shows the dramatic decrease in static pressure at 70% cord length as stagger 
angle increases. At a = 46°, the presence of separation is detected by continuous 
decrease in static pressure and the highest drop between a = 42° and a = 46° is 
2.73%. 
Table 2. Circumferentially averaged flow quantities at inlet and exit static/total 
pressure ratio at a = 42° and a = 46° at 25% span 
W ^ o j n 
* o' * o,in 
a =42° 
Inlet 
0.885 
0.99999 
Exit 
0.92 
0.99644 
a = 46° 
Inlet 
0.88129 
0.99999 
Exit 
0.92 
0.99621 
At a = 42° and a = 46°, the static pressure rise from inlet to exit are 3.8% and 4.21%), 
respectively, and the total pressure loss are 0.355% and 0.378%). The static pressure 
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has risen by 0.4% and the total pressure loss has increased by 0.023% at a = 46°. 
d. Convergence Histories and Results at 75% Span 
At a = 42°, the P0,exit converges at 2580 iterations and the T0,ex,t converges at 
1940 iterations as shown in Graph 28 and 29. P0 and T0 perturbation residuals at the 
exit are 0.99563 and 0.99999. 
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Graph 28. Iteration vs P0,exit at a = 42° Graph 29. Iteration vs T0,exit at a = 42° 
Graph 30 and 31 shows the negative incident angle at the leading edge and the 
distribution line on the pressure and suction surface intersects at 12% cord. 
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Graph 30. Ps distributions at a = 42° Graph 31. Mach# distributions at a = 42° 
The rate of increase in static pressure at the suction surface gradually begins to 
decrease at 87% cord. 
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Figure 14. 25% span Mach number contours at a = 42° 
The maximum Mach number is 0.668 at 75% span. 
At a = 46°, the P0,exit converges at 2080 iteration and the T0>exit converges at 
1460 iteration as shown in Graph 32 and 33. P0 and T0 perturbation residuals at the 
exit are 0.99617 and 1.00005. 
Graph 32. Iteration vs P0,exit at a = 46° Graph 33. Iteration vs Toexit at a = 46° 
21 
% Cord vs Macrtf 
Graph 34. Ps distributions at a = 46° Graph 35. Mach# distributions at a = 46° 
The distribution line of suction and pressure surface intersects at 6.1%) cord. The static 
pressure becomes constant at 80.1% cord and begins to decrease at 85.7% cord length. 
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Figure 15. 75% span Mach number contours at a = 46° 
The maximum Mach number is 0.605 which decreased by 9.4% compared to the 
maximum Mach number at a = 42°. The separation begins 78% cord length. 
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Graph 36. Ps distributions on the suction surface 
The static pressure rising point for a = 42° and a = 46° are approximately at 42% 
and 31% cord and the static pressure at higher stagger angle rises faster than lower 
stagger angle as shown in Graph 36. The maximum static pressure drop between 
a = 42° and a = 46° from 0% to 40% cord is 5.88%, and rise from 40% to 75% is 
1.83%. 
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-
'-*""—'— ^ * —
w 
\ ^ ^ 
— alpha42 
^— alpha44 
29 
The Graph 37 shows that at a = 46°, presence of separation is detected by 
continuous decrease in static pressure and the highest drop between a = 42° and 
a =46° is 1.54%. 
Table 3. Circumferentially averaged quantities at inlet and exit static/total pressure 
ratio at a =42° and a =46° at 75% span 
" s/-To,in 
-TV* o,in 
a =42° 
Inlet 
0.88903 
1 
Exit 
0.92 
0.99563 
a = 46° 
Inlet 
0.86852 
0.99999 
Exit 
0.92 
0.99617 
At a = 42° and a =46°, the static pressure rise from inlet to exit is 3.37% and 
5.59% and the total pressure loss of 0.44% and 0.38%. The static pressure has risen 
2.23% at a = 46\ 
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CHAPTER III 
3D MESH GENRATION AND CFD ANALYSIS 
A. Mesh Generation 
TCGRID (Turbomachinery C-GRID) is a three-dimensional grid generation 
code for Turbomachinery blades, developed by NASA. The code generates single or 
multi-block grids around the airfoil, and the flow solution is provided by Swift, 
another NASA code. The grids can be either C-type or H-type which can be generated 
for linear cascades or annular blade rows. All geometry manipulation in TCGRID is 
done using parametric cubic splines. The code can generate grids for axial, mixed, and 
centrifugal flow machines. TCGRID is written in Fortran and the code input is 
supplied as an ASCII dataset. TCGRID generates grids by following similar 
instructions as GRAPE. However, spanwise parameters are added to generate 3D 
blade meshes. The name list inputs include; Grid Size Parameters, Grid Spacing 
Parameters, Algorithm Parameters, Boundary Coordinates, and Miscellaneous 
Parameters. 
Hyperbolic tangent clustering is used along the blade surfaces since it is the 
smoothest method. It further approximates the same span-wise clustering of the 
meridional grid on blade-to-blade codes. No hub and tip clearances are generated 
since the focus on the stator blades extends from 25% span to 75% span only. 
The airfoil is generated by using an input coordinate set of 71 points in x, y, 
and z directions, at 0%, 25%, 50%, 75%, and 100%) span. The meridional input 
coordinates are described in Figure 16 which consists of 4 coordinate sets at 0% and 
100% span. 
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Figure 16. TCGRID input variables for meridional grid (Chima [9]) 
With airfoil coordinates and the meridional points, 3D outer boundary is 
generated as shown in Figure 17. 
Figure 17. 3D outer boundary shape using TCGRID 
The dsra parameter, which is used to locate the center of the leading edge 
cluster on the blade, is set to be 0.495 to make the center of the leading edge cluster to 
be based on the 50% span as shown in Figure 18. 
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Figure 18. Leading edge mesh on 50% span using TCGRID 
The span-wise spacing at the tip and hub are set to be 0.0000117 to produce a 
finer mesh at the hub and tip sections of the airfoil as recommended in Chima [9]. By 
setting the span-wise value as given, the mesh at the hub and tip sections of the airfoil 
is generated by using given values and increase slowly to generate the mesh around 
the airfoil. 
Figure 19. 3D span-wise spacing from 0% span 
0 grids with 362,500 cells are generated, as shown in Figure 20. 
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Figure 20. Complete 3D grid using TCGRID 
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B. CFD Analysis 
To investigate separation, validating a solution with no separation is 
recommended. Flow analysis is conducted at a = 42°, a = 44°, and a = 46 to 
make a good comparison. Swift, similar to RVCQ3d, is capable of calculating Mach 
number and static pressure along the surface of the airfoil. 
a. Code Setup 
Swift is a multi-block computer code for the analysis of three-dimensional 
viscous flows in turbo-machinery. The code solves the thin-layer Navier-Stokes 
equations using an explicit finite-difference technique and analyzes linear or annular 
blade rows with or without rotation. Swift is written in Fortran and namelist input data 
include; algorithm parameters, boundary condition and code control, flow parameters, 
viscous parameters, and output control are supplied in ASCII dataset. 
Courant number is set to 5.6 as recommended in Chima [10]. Second-order 
artificial dissipation coefficient is set to 0.5 since the flow is subsonic, and fourth-
order artificial dissipation coefficient is set to 1.5 to stabilize the convergence history. 
3000 iterations are performed to be sure of convergence and spatially variable time 
step is used. At the inlet boundary, velocity, P0 and T0 are held constant and inlet 
Mach number is set to 0.4. At the exit boundary, static pressure ratio is specified and 
the total enthalpy is extrapolated to the exit. Rotational speed is set to be 0 since a 
stator annulus is being analyzed and the static pressure ratio is set to be 0.92. 
Baldwin-Lomax turbulence model is used and is updated every 5 iterations. 
Turbulence intensity is set to be 0.01% and the turbulence length is set as 6.67e-6. 
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b. Convergence Histories and Result at a = 42° 
Swift calculates convergence history of maximum residual and RMS residual 
of density, mass flow error, and exit flow properties P0,exit and T0,exit versus iteration. 
3000 iterations are performed to eliminate any possible calculation error. Solutions are 
considered converged when the scaled residuals for the governing equations meet the 
following requirements: 
• maximum residual is less than 10"9, 
• RMS residual of density is less than 10"5, 
• mass flow error is less than 10~5, 
• P0,exit perturbation residual is less than 10"5, 
• T0exit perturbation residual is less than 10"5,and 
• All of the above requirements are held for 400 iterations. 
At a = 42°, rrms and rmax converged at 2180 and 1990 iterations as shown 
in Graphs 38 and 39. 
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Graph 38. Iteration vs rrms at a = 42° Graph 39. Iteration vs rmax at a = 42° 
P0,exit converged at 1490 iterations and T0,exit converged at 1080 iterations as shown 
in Graph 40 and 41. P0 and T0 perturbation residuals at the exit is 0.99781 and 
0.99998. 
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Graph 40. Iteration vs P0,exit at a = 42° Graph 41. Iteration vs T0,exit at a = 42° 
The mass flow error converge at 2500 iteration and the mass flow error at the exit is 
-0.00307. 
Graph 42. Iteration vs m error at a = 42c 
The static pressure distribution at 25%, 50%, and 75% span are shown in Graph 43 to 
45. It shows that small separation exists at 25% and 50% span of the airfoil when the 
flow reaches the trailing edge of the airfoil. Static pressure graph at 75% span does 
not show separation since the stagger angle at the 75% span is higher than at 25% and 
50% span, thus the flow tends to be attached better. At 25% span, static pressure at the 
suction surface start to become constant at 81.6% cord and 85.5%cord at the 50% 
span as shown in Graph 43 and 44. 
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Graph 43. Ps distributions at 25% span Graph 44. Ps distributions at 50% span 
At 75% span, static pressure does not become constant nor decreases on the suction 
surface of the airfoil which represents no present separation as shown in Graph 45. 
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Graph 45. Ps distributions at 75% span 
Detached flow on the suction surface of the airfoil at different % span can be 
visualized by using Mach number contour at different section of the airfoil. Figure 21 
to 23 gives clear explanation of decrease in Mach number at the trailing edge of the 
airfoil at different % span. 
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Figure 21. Mach number contours at 25% span at a = 42° 
At 25%, the blue region at the trailing edge of the airfoil indicates separated flow. 
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Figure 22. Mach number contours at 50% span at a = 42c 
At 50%, the blue region at the trailing edge of the airfoil indicates separated flow. 
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Figure 23. Mach number contours at 75% span at a = 42 
At 75% span, there is no separation on the trailing edge of the airfoil even though 
Mach number contour shows blue region at the trailing edge of the airfoil. The static 
pressure on the trailing edge increases slowly, however, it does not become constant 
either decreases. Separation is not shown in the 75% span due to the longer cord and 
higher stagger angle than other 2 sections. 
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Figure 24. Mach number contours over the suction surface of the airfoil at a = 42° 
Figure 24 shows clear understanding of separation at the suction surface of the airfoil. 
It show that the low Mach number region at 25% span is little bit closer to the leading 
edge of the airfoil compared to 50% span which indicates earlier static pressure 
decrease at 25% span. 
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Graph 46. Ps vs % span on the suction surface at different % cord at a = 42° 
Graph 46 shows the static pressure distribution along different % cord at different % 
span. It shows that from 80% cord to 85% cord, the static pressure rise is very small. 
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Graph 47. % P0 loss vs % span at the exit at a = 42° 
Graph 47 shows the total pressure loss at the exit of the airfoil. It indicates from 0%> to 
10% and from 90% to 100% span, total pressure loss decreases dramatically. It also 
shows that total pressure loss increases from 15% span to76.5% span and start to 
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decrease until 90% span. The highest total pressure loss at a = 42° is 0.28%. 
c. Convergence Histories and Result at a = 46 
At a =46°, P0,exit and T0,exit converges at 1630 and 1230 iterations as 
shown in Graph 48 and 49. P0 and T0 perturbation residuals at the exit values are 
0.99701 and 0.99999. 
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Graph 48. Iteration vs P0>exit at a = 46° Graph 49. Iteration vs Toexit at a = 46° 
Mass flow error converges at 2450 iteration and the mass flow error at the exit is 
0.00337 as shown in Graph 50. 
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Graph 50. Iteration vs m error at a = 46° 
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The Graph 51 to 53 shows the static pressure distribution over the airfoil at 25%, 50%, 
and 75% span. At 25% span, static pressure becomes constant at 63.2% cord and 
starts to decrease at 74.7% cord which indicates existence of reverse flow at the cord. 
At 50% span, static pressure stays constant at 64.1% cord and decreases at 78.5%) 
cord. 
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Graph 51. Ps distributions at 25% span Graph 52. Ps distributions at 50% span 
However, at 75% span, static pressure rises constantly and it shows no separation at 
the suction surface as shown in Graph 53. 
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Graph 53. Ps distributions at 75% span 
Detached flow on the suction surface of the airfoil at different % span can be 
visualized by using Mach number contours at different sections of the airfoil. Figures 
25 to 27 show a Mach number decrease at the trailing edge of the airfoil at different % 
span. 
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Figure 25. Mach number contours at 25% span at a = 46° 
Figure 25 and 26 indicates that strong separation is present at the suction surface of 
the airfoil at 25% and 50% span. 
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Figure 26. Mach number contours at 50% span at a = 46 
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Figure 27. Mach number contours at 75% span at a = 46° 
At 75% span, low Mach number region extends from 76.1% cord, however, it does 
not show any separation since the static pressure as shown in Graph 53 does not 
become constant nor decrease at the trailing edge. 
Figure 27 gives a clear understanding of how the flow acts on the suction 
surface of the airfoil. It shows that Mach number decreases early, and that static 
pressure rises from the leading edge of the airfoil and the static pressure becomes 
constant at an early stage. However, it also shows that less separation is discovered at 
the 80% to 100% span compared to 0% to 20% span due to the wall effect, thicker 
camber angle, and longer cord length. 
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Figure 28. Mach number contours over the suction surface of the airfoil at a = 46° 
Graph 54 shows the static pressure distribution at different cord length along spanwise 
direction. 
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Graph 54. Ps vs %span on the suction surface at different %cord at a = 46° 
It shows that static pressure is rising at 75% to 80% cord, however, at 85% span, the 
static pressure drops to the close static pressure value with 75% cord from 25%) span 
to 45% span. Separation exists up to 60% span and it disappears after 60% span as 
shown in Graph 53. 
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Graph 55. %P0 loss vs % span loss at the exit at a = 46° 
The total pressure loss at the exit at a = 46° show similar characteristics as 
a = 42°. The maximum pressure loss from 20% span to 80%> span is 0.29%>. The 
Figure 29 shows zoomed Mach number contour with complete stator annulus at 
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a = 46° 
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Figure 29. Mach number contours for the stator cascade at a = 46° 
Figure 30 shows Mach number contours for the stator cascade at a = 46°. 
Figure 30. Mach number contours for the stator cascade at a = 46 
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d. Result Comparison at a = 42° and a = 46° 
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Graph 56. %P0 loss vs % span at a = 42° and a = 46° at the exit 
Graph 56 shows the total pressure loss at the exit of the airfoil at a = 42° 
and a = 46°. It clearly shows that at total pressure loss increased at a = 46°. 
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Graph 57. Ps vs %span at different % cord at a = 42° and a = 46° 
Graph 57 indicates that at 75% cord, the static pressure at a = 46° is much higher 
than a = 42° due to higher aerodynamic loading at higher angle. It also shows that 
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the static pressure at 80% and 85% cord at a = 42° is higher than a = 46° which 
resulted by separation at higher stagger angle. 
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CHAPTER IV 
3D CFD SEPARATION ELIMINATION 
A. 3D Mesh Generation 
GAMBIT is used to mesh around 3D airfoil to investigate flow control over 
the suction surface of the airfoil. GAMBIT is an integrated preprocessor for CFD 
analysis for the commercial CFD code FLUENT. It decomposes geometries for 
structured meshing, performs automatic unstructured hexahedral meshing, and also 
generates high quality triangular and tetrahedral meshes. 
To generate the airfoil and outer boundary, 446 coordinates are inputted in 
Cartesian coordinate (x, y, z) at 0%, 25%, 50%, 75%, and 100% span. Figure 31 
shows the airfoil and the outer boundary coordinates at 50% span. 
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Figure 31. Airfoil and outer boundary coordinates at 50% span 
The Coordinates then need to be connected by using straight edges to create 
airfoil and outer boundaries. 
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Figure 32. Airfoil stacking 
5 airfoil sections are stacked together to generate 3D airfoil and boundaries as 
shown in Figure 32. Then, the airfoil and outer boundary is generated by using the 
Turbo-Function in Gambit. Gambit will automatically calculate blade spacing when 
given the number of blades and will generate the annulus by using given boundary 
conditions as shown in Figure 33. 
Figure 33. Stator blade with outer boundary condition 
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To generate hexahedral mesh around the airfoil, boundary types are required 
to specify the surfaces and the edges are required to split along faces. Boundary 
conditions are specified as follows; inlet and outlet boundaries are specified as 
pressure inlet and pressure outlet, hub, casing, pressure surface, and suction surface 
are specified as wall boundaries along with top and bottom surfaces, outer boundaries 
are specified as periodic since the solution repeats itself with neighboring boundaries. 
By decomposing turbo volume, blade sections with boundaries will be split into four 
sections. By applying boundary mesh control on the surface, surface mesh is 
generated as shown in Figure 34. 
Figure 34. Surface mesh using Gambit 
By applying number of points on the leading, suction, trailing, and pressure 
edge of the airfoil, 720,800 mesh volumes are generated around the airfoil to analyze 
the flow as shown in Figure 35. 
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Figure 35. Mesh generated around airfoil using Gambit 
B. CFD Analysis 
a. Code Setup 
The standard and shear-stress transport (SST) k-w turbulence model with 
unsteady 2nd-order implicit formulation is used. When the turbulence models 
described in literature surveys are used, FLUENT tends to over-stabilize the 
turbulence and shows no separation. Inlet and outlet boundaries are specified as 
pressure inlet and outlet. Static pressure inlet is held constant at 0.866 atm and the 
stagger angles is set to be 46°. Turbulence intensity and turbulence length scale are 
set to be 0.01% and 0.01m as described in the survey. Static pressure at the outlet is 
set to be 0.92 atm and turbulence intensity and viscosity ratio are set to be 10% and 10, 
respectively. However, to analyze flow over the stator, solution control in FLUENT is 
critical to the stabilization of the flow. Tables 4 and 5 show the solution control 
parameters used in the analysis. 
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Table 4. Under-Relaxation Factor in FLUENT 
Under-Relaxation Factor 
Pressure 
0.3 
Density 
1 
Body 
Force 
1 
Momentum 
0.65 
Turbulence 
Kinetic 
Energy 
0.5 
Specific 
Dissipation 
Rate 
0.5 
Turbulence 
Viscosity 
1 
Energy 
1 
Table 5. Discretization in FLUENT 
Discretization 
Pressure 
Second 
Order 
Momentum 
Second 
Order 
Upwind 
Turbulence 
Kinetic 
Energy 
Second 
Order 
Upwind 
Specific 
Dissipation 
Rate 
Second 
Order 
Upwind 
Energy 
Second 
Order 
Upwind 
Discretization is set to be second order, the default values, first order often gives 
smooth results. 
b. Result at a = 46° without Flow Control 
The solutions are considered converged when the convergence histories show 
constant increase or decrease in the solution and the program needed to be stopped 
after detecting convergence since FLUENT detects separation as defect in solution, 
thus, it over stabilizes the solution. Figure 36 shows convergence history using 
FLUENT. 
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Figure 36. Convergence histories using FLUENT without flow control 
The suction and pressure surface static pressure lines intersect at 6.25% cord 
at 25% span. The highest static pressure on the pressure surface is 0.925 atm and the 
static pressure on the suction surface becomes constant when static pressure reaches 
0.896 atm at 79% cord as shown in Graph 58. The blue region on the trailing edge of 
the airfoil shown in Figure 36 explains constant static pressure on the suction surface 
of the airfoil and indicates present separation as shown in Graph 58. 
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Graph 58. Ps vs Cord at 25% span at a = 46 without flow control 
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Figure 37. Velocity contours at 25% span without flow control 
The suction and pressure surface static pressure distribution line intersects at 
2.4% cord at 50% span. The highest static pressure on the pressure surface is 0.928 
atm and the static pressure on the suction surface become constant when static 
pressure reaches 0.896 atm at 83% cord as shown in Graph 59. The blue region at the 
trailing edge of the airfoil shows separation on the suction surface of the airfoil as 
shown in Figure 37 and less separation is present compared to 25% span since 
separation tends to merge from wall to mid section. 
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Graph 59. Ps vs Cord at 50% span at a = 46° without flow control 
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Figure 38. Velocity contours at 50% span without flow control 
The suction and pressure surface static pressure distribution line intersects at 
4.8% cord at 75% span. The highest static pressure on the pressure surface is 0.925 
atm and the static pressure on the suction surface become constant when static 
pressure reaches 0.895 atm at 71.4% cord as shown in Graph 60. Separation on the 
75% span is the greatest between 25% to 75% due to larger camber angle and higher 
60 
stagger angle as shown in Figure 38. 
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Graph 60. Ps vs Cord at 75% span at a = 46u without flow control 
Figure 39. Velocity contours at 75% span without flow control 
c. Result at a = 46° with Flow Control 
l% of total mass flow, 0.4658 kg/s, is injected throughout the entire row; at 
each blade mass flow of 0.008957 kg/s is injected at 60% cord as shown in Figure 40. 
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Figure 40. Injection position on the suction surface of the airfoil 
At each blade, 20 holes, each having a diameter of 0.00127m is set to inject mass flow 
of 0.000448 kg/s and the injection covers from 10% to 90% span. 
To be consistent in the solution, the same number of iterations needed to be 
executed. When mass flow is injected from 100 to 150 iterations, the convergence 
residuals are affected by the injection and show instability from 105 iterations to 135 
iterations as shown in Figure 41. However, convergence shows after 135 iterations 
since the mass flow is added to the calculation. 
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Figure 41. Convergence histories in FLUENT with flow control 
At 25% span with flow control, static pressure lines intersect at 6.1% cord and the 
static pressure on the suction surface drops at 73.5% cord as shown in Graph 61. It 
tends to have a small separation at the trailing edge of the airfoil as shown in Figure 
42. 
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Graph 61. Ps vs Cord at 25% span at a = 46° with flow control 
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Figure 42. Velocity contours at 25% span without flow control 
At 50% span, the static pressure lines intersect at 3.2% cord at the leading edge of the 
airfoil. Static pressure on the suction surface becomes constant at 66.7% cord where 
the static pressure is at 0.884 atm. However, static pressure starts to increase again at 
81.5% cord. Figure 43 shows that there is very little separation at the trailing edge of 
the airfoil. 
Graph 62. Ps vs Cord at 50% span at a = 46° with flow control 
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Figure 43. Velocity contours at 50% span without flow control 
At 75% span, static pressure lines intersect at 4.2% cord at the leading edge of the 
airfoil and show no pressure decrease on the suction surface of the airfoil as shown in 
Graph 62 and Figure 44. 
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Graph 63. Ps vs Cord at 75% span at a = 46° with flow control 
Figure 44. Velocity contours at 75% span without flow control 
d. Results Comparison 
At 25% span, Graph 64 shows static pressure distribution along the suction 
surface of the airfoil with and without flow control. It shows that static pressure at the 
trailing edge is higher with flow control and static pressure continues to rise at the 
trailing edge with flow control. The static pressure at the exit is 0.890 atm without 
flow control and 0.914 atm with flow control. 2.63% of static pressure has risen with 
flow control at the exit of the airfoil at 25% span. 
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Graph 64. Static pressure distributions on the suction surface with and without flow 
control at 25% span 
Figures 45 and 46 show the velocity vector distribution at the trailing edge of 
the airfoil. Figure 45 shows early reversed velocity vectors at the trailing edge of the 
airfoil. With mass flow injected at 60% cord, FLUENT was able to eliminate the 
majority of the flow separation at the trailing edge. 
Figure 45. Velocity vectors on the trailing edge at 25% span without flow control 
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Figure 46. Velocity vectors on the trailing edge at 25% span with flow control 
At 50%) span, Graph 65 shows static pressure distribution along the suction 
surface of the airfoil with and without flow control. The static pressure at the exit is 
0.890 atm without flow control and 0.909 atm with flow control. 2.09% of static 
pressure has risen with flow control at the exit of the airfoil at 50% span. 
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Graph 65. Ps distributions on the suction surface with and without flow control at 50%o 
span 
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Figure 47 and 48 shows velocity vectors at the trailing edge of the airfoil. Figure 47, 
without flow control, shows no reversed velocity vector, but very small velocity 
magnitude exist at the trailing edge. Figure 48 shows higher velocity magnitude at the 
trailing edge than Figure 47 since mass flow has been added to the flow. 
Figure 47. Velocity vectors on the trailing edge at 50% span without flow control 
Figure 48. Velocity vectors on the trailing edge at 50% span with flow control 
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At 75% span, the exit pressure without flow is 0.907 atm and with flow 
control is 0.919 atm as shown in Graph 66. The static pressure rise with mass flow 
injected is 1.31%. 
Graph 66 Ps distributions on the suction surface with and without flow control at 75% 
span 
At 75% span, reversed velocity appears at the earliest stage compared to other 
sections due to the end-wall effect as shown in Figure 48. Figure 49 shows that all the 
reversed velocity disappeared with mass flow injection. 75% span had the most 
separation between 25% to 75% span and the mass flow at the span is the most 
effective. 
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Figure 49. Velocity vectors on the trailing edge at 75% span without flow control 
Figure 50. Velocity vectors on the trailing edge at 75% span with flow control 
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CHAPTER V 
CONCLUSIONS AND RECOMMENDATIONS 
A. CONCLUSIONS 
The flow separation on the GE stator type B is thoroughly investigated in 
highly staggered axial compressor stators. The separation is completely investigated 
by using 2D and 3D NASA CFD codes and it is discovered that the CFD code is 
capable of detecting separation at higher Mach number on the given stator blade. It 
showed small differences in detecting separation using 2D and 3D analysis at 
different %span. However, differences are detected because 2D analysis is 
investigated by using an isolated blade which will have no aerodynamic effect from 
neighboring blades. 2D and 3D analysis still showed separation at similar % cord at 
similar % span. 
The separation is fully re-investigated by using FLUENT to apply mass flow 
injection at where the flow separation is present. 1% of mass flow was injected on the 
suction surface of the airfoil to eliminate separation. This proved successful using 
CFD analysis. 
B. RECOMMENDATIONS 
• Flow analysis using Rotor and Stator interaction 
• Investigate wall effect on the flow over stator blade 
• Investigate effectiveness of injection point on % mass flow injection 
CHAPTER VI 
APPENDIX A 
A. GRAPE Input file 
i. 25% span 
&gridl jmax=225 kmax=33 ntetyp=3 nairf=5 nobshp=7 
jairf=129 jtebot=25 jtetop=201 norda=0 3 maxita=0 300 nout=4 nibdst=6 
dsi=2.6131e-6 xle=-0.03847 xte=0.039923 xleft=-.06347 xright=.064923 rcorn=0. 
&end 
&grid2 nobcas=0 nle=15 nte=6 dsra=.491 dsle=.0006 dste=.0006 
pitch=.06964 joble=10 jobte=10 yscl=l. xtfrac=l. dsobi=.001055161 dswex=.001 
aaai=0.85 bbbi=0.85 ccci=0.35 dddi=0.35 jwakex=l kwakex=0 csmoo=.3 
jcap=24 
&end 
&grid3 airfx= 
0.039923, 0.039869, 0.039740, 0.039591, 0.039419, 
0.039005, 0.038816, 0.037649, 0.035950, 0.034463, 
0.031596, 0.030061, 0.028527, 0.026992, 0.025457, 
0.022388, 0.020853, 0.019319, 0.017784, 0.016249, 
0.013180, 0.011645, 0.010111, 0.008576, 0.007041, 
0.003972, 0.002437, 0.000903, 
-0.005236, 
-0.014444, 
-0.023652, 
-0.032807, 
-0.037867, 
-0.038699, 
-0.035675, 
-0.026719, 
-0.017514, 
-0.008306, 
0.000903, 0.002437, 0.003972, 0.005507, 0.007041, 
0.010111, 0.011645, 0.013180, 0.014715, 0.016249, 
0.019319, 0.020853, 0.022388, 0.023923, 0.025457, 
0.028527, 0.030061, 0.031596, 0.032976, 0.034463, 
0.037649, 0.038816, 0.039043, 0.039323, 0.039559, 
0.039830, 0.039899, 0.039923, 
-0.006771, -0.008306, 
-0.015979, -0.017514, 
-0.025187, -0.026722, 
-0.034188, -0.035675, 
-0.038094, -0.038287, 
-0.038576, -0.038299, 
-0.034188, -0.032807, 
-0.025187, -0.023652, 
-0.015979, -0.014444, 
-0.006771, -0.005236, 
-0.000632, -0.002167, 
-0.009840, -0.011375, 
-0.019048, -0.020583, 
-0.028256, -0.029791, 
-0.037055, -0.037364, 
-0.038470, -0.038619, 
-0.037861, -0.037487, 
-0.031320, -0.029791, 
-0.022118, -0.020583, 
-0.012910, -0.011375, 
-0.003702, -0.002167, 
0.039215, 
0.032976, 
0.023923, 
0.014715, 
0.005507, 
-0.003702, 
-0.012910, 
-0.022118, 
-0.031320, 
-0.037616, 
-0.038682, 
-0.037055, 
-0.028256, 
-0.019048, 
-0.009840, 
-0.000632, 
0.008576, 
0.017784, 
0.026992, 
0.035950, 
0.039735, 
airfy= 
0.010896, 
0.010039, 
0.007594, 
0.003650, 
-0.001097, 
-0.006570, 
-0.012661, 
-0.019293, 
-0.026781, 
-0.034957, 
-0.039241, 
-0.038638, 
-0.032238, 
-0.020724, 
-0.012212, 
-0.005605, 
-0.000428, 
0.003662, 
0.006876, 
0.009382, 
0.011388, 
0.011260, 
0.010611, 
0.009993, 
0.006997, 
0.002912, 
-0.001960, 
-0.007546, 
-0.013726, 
-0.020466, 
-0.028023, 
-0.036248, 
-0.039303, 
-0.037971, 
-0.029952, 
-0.019132, 
-0.010994, 
-0.004653, 
0.000322, 
0.004281, 
0.007338, 
0.009745, 
0.011640, 
0.011086, 
0.010392, 
0.009651, 
0.006371, 
0.002152, 
-0.002843, 
-0.008539, 
-0.014806, 
-0.021662, 
-0.029375, 
-0.037593, 
-0.039308, 
-0.037180, 
-0.028011, 
-0.017621, 
-0.009825, 
-0.003739, 
0.001043, 
0.004823, 
0.007781, 
0.010094, 
0.011683, 
0.010896, 
0.010253, 
0.009126, 
0.005724, 
0.001370, 
-0.003747, 
-0.009548, 
-0.015776, 
-0.022883, 
-0.030759, 
-0.038769, 
-0.039240, 
-0.036207, 
-0.026058, 
-0.016181, 
-0.008705, 
-0.002862, 
0.001737, 
0.005369, 
0.008206, 
0.010397, 
0.011666, 
0.010157, 
0.008620, 
0.005056, 
0.000568, 
-0.004670, 
-0.010552, 
-0.017013, 
-0.024132, 
-0.032218, 
-0.038979, 
-0.039067, 
-0.035448, 
-0.024167, 
-0.014803, 
-0.007629, 
-0.002002, 
0.002404, 
0.005892, 
0.008614, 
0.010722, 
0.011558, 
0.010088, 
0.008096, 
0.004365, 
-0.000254, 
-0.005611, 
-0.011610, 
-0.018148, 
-0.025406, 
-0.033572, 
-0.039126, 
-0.038855, 
-0.034620, 
-0.022395, 
-0.013480, 
-0.006596, 
-0.001208, 
0.003045, 
0.006395, 
0.009006, 
0.011037, 
0.011400, 
&end 
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ii. 50%> span 
'Mid-section of the modified GE stator B' 
&gridl jmax=225 kmax=33 ntetyp=3 nairf=5 nibdst=6 nobshp=7 
jairf=129 jtebot=25 jtetop=201 norda=0 3 maxita=0 300 nout=4 
dsi=2.5882e-6 xle=-0.038801 xte=0.039176 xleft=-.063476 xright=.064169 rcorn=0. 
&end 
&grid2 nobcas=0 nle=15 nte=6 dsra=492 dsle=.0006dste=.0006 
pitch=.0663057 joble=10 jobte=0 yscl=l. xtfrac=l. dsobi=.00100125 dswex=.001 
aaai=0.85 bbbi=0.85 ccci=0.35 dddi=0.35 jwakex=l kwakex=0 csmoo=0 
jcap=24 
&end 
&grid3 airfx= 
0.039169, 
0.038447, 
0.031596, 
0.022388, 
0.013180, 
0.003972, 
-0.005236, 
-0.014444, 
-0.023652, 
-0.032869, 
-0.037877, 
-0.038786, 
-0.036101, 
-0.026719, 
-0.017514, 
-0.008306, 
0.000903, 
0.010111, 
0.019319, 
0.028527, 
0.036922, 
0.039100, 
0.039136, 
0.038296, 
0.030061, 
0.020853, 
0.011645, 
0.002437, 
-0.006771, 
-0.015979, 
-0.025187, 
-0.034467, 
-0.038072, 
-0.038638, 
-0.034467, 
-0.025187, 
-0.015979, 
-0.006771, 
0.002437, 
0.011645, 
0.020853, 
0.030061, 
0.038296, 
0.039153, 
0.039081, 
0.036922, 
0.028527, 
0.019319, 
0.010111, 
0.000903, 
-0.008306, 
-0.017514, 
-0.026716, 
-0.036101, 
-0.038266, 
-0.038389, 
-0.032869, 
-0.023652, 
-0.014444, 
-0.005236, 
0.003972, 
0.013180, 
0.022388, 
0.031596, 
0.038448, 
0.039169, 
0.038969, 
0.035620, 
0.026992, 
0.017784, 
0.008576, 
-0.000632, 
-0.009840, 
-0.019048, 
-0.028256, 
-0.037345, 
-0.038476, 
-0.038134, 
-0.031412, 
-0.022118, 
-0.012910, 
-0.003702, 
0.005507, 
0.014715, 
0.023923, 
0.033015, 
0.038639, 
0.038828, 
0.034317, 
0.025457, 
0.016249, 
0.007041, 
-0.002167, 
-0.011375, 
-0.020583, 
-0.029791, 
-0.037548, 
-0.038673, 
-0.037823, 
-0.029791, 
-0.020583, 
-0.011375, 
-0.002167, 
0.007041, 
0.016249, 
0.025457, 
0.034317, 
0.038816, 
0.038635, 
0.033015, 
0.023923, 
0.014715, 
0.005507, 
-0.003702, 
-0.012910, 
-0.022118, 
-0.031412, 
-0.037707, 
-0.038771, 
-0.037345, 
-0.028256, 
-0.019048, 
-0.009840, 
-0.000632, 
0.008576, 
0.017784, 
0.026992, 
0.035620, 
0.038979, 
airfy= 
0.009010, 
0.008299, 
0.006232, 
0.002603, 
-0.001785, 
-0.006895, 
-0.012615, 
-0.018898, 
-0.025917, 
-0.033842, 
-0.038026, 
-0.037473, 
-0.032342, 
-0.020946, 
-0.012864, 
-0.006559, 
-0.001610, 
0.002285, 
0.005337, 
0.007698, 
0.009429, 
0.009334, 
&end 
0.008814, 
0.008271, 
0.005694, 
0.001919, 
-0.002592, 
-0.007739, 
-0.013696, 
-0.020011, 
-0.027174, 
-0.035267, 
-0.038112, 
-0.036939, 
-0.029971, 
-0.019453, 
-0.011711, 
-0.005646, 
-0.000896, 
0.002849, 
0.005771, 
0.008035, 
0.009709, 
0.009179, 
0.008687, 
0.007899, 
0.005122, 
0.001235, 
-0.003417, 
-0.008739, 
-0.014645, 
-0.021146, 
-0.028457, 
-0.036693, 
-0.038170, 
-0.036339, 
-0.027856, 
-0.018018, 
-0.010600, 
-0.004771, 
-0.000209, 
0.003390, 
0.006186, 
0.008358, 
0.009723, 
0.009010, 
0.008569, 
0.007532, 
0.004524, 
0.000488, 
-0.004260, 
-0.009686, 
-0.015678, 
-0.022302, 
-0.029767, 
-0.037697, 
-0.038181, 
-0.035806, 
-0.026066, 
-0.016633, 
-0.009530, 
-0.003933, 
0.000452, 
0.003909, 
0.006584, 
0.008653, 
0.009701, 
0.008450, 
0.007119, 
0.003905, 
-0.000261, 
-0.005120, 
-0.010648, 
-0.016733, 
-0.023459, 
-0.031104, 
-0.037832, 
-0.038078, 
-0.035210, 
-0.024194, 
-0.015316, 
-0.008500, 
-0.003127, 
0.001087, 
0.004406, 
0.006969, 
0.008924, 
0.009632, 
0.008362, 
0.006702, 
0.003265, 
-0.000997, 
-0.005999, 
-0.011625, 
-0.017806, 
-0.024688, 
-0.032539, 
-0.037932, 
-0.037898, 
-0.034359, 
-0.022518, 
-0.014062, 
-0.007510, 
-0.002354, 
0.001698, 
0.004882, 
0.007341, 
0.009187, 
0.009506, 
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iii. 75% span 
&gridl jmax=225 kmax=33 ntetyp=3 nairf=5 nobshp=7 
jairf=129 jtebot=25 jtetop=201 norda=0 3 maxita=0 300 nout=4 nibdst=6 
dsi=2.5195e-6 xle=-0.037656 xte=0.037929 xleft=-.062656 xright=.062929 rcorn=0. 
&end 
&grid2 nobcas=0 nle=15 nte=6 dsra=.491 dsle=.0006 dste= 0006 
pitch=.06252374 joble=10 jobte=10 yscl=l. xtfrac=l. dsobi=.00094733 dswex= 001 
aaai=0.85 bbbi=0.85 ccci=0.35 dddi=0.35 jwakex=l kwakex=0 csmoo=.3 
jcap=24 
&end 
&grid3 airfx= 
0.037929, 
0.037306, 
0.031596, 
0.022388, 
0.013180, 
0.003972, 
-0.005236, 
-0.014444, 
-0.023652, 
-0.032780, 
-0.037257, 
-0.037933, 
-0.035749, 
-0.026719, 
-0.017514, 
-0.008306, 
0.000903, 
0.010111, 
0.019319, 
0.028527, 
0.035957, 
0.037724, 
0.037960, 0.037920, 
0.037116, 0.035957, 
0.030061, 0.028527, 
0.020853, 0.019319, 
0.011645, 0.010111, 
0.002437, 0.000903, 
-0.006771, -0.008306, 
-0.015979, -0.017514, 
-0.025187, -0.026722, 
-0.034402, -0.035749, 
-0.037403, -0.037519, 
-0.037855, -0.037680, 
-0.034402, -0.032780, 
-0.025187, -0.023652, 
-0.015979, -0.014444, 
-0.006771, -0.005236, 
0.002437, 0.003972, 
0.011645, 0.013180, 
0.020853, 0.022388, 
0.030061, 0.031596, 
0.037116, 0.037218, 
0.037833, 0.037929, 
0.037821, 0.037675, 
0.034764, 0.033640, 
0.026992, 0.025457, 
0.017784, 0.016249, 
0.008576, 0.007041, 
-0.000632, -0.002167, 
-0.009840, -0.011375, 
-0.019048, -0.020583, 
-0.028256, -0.029791, 
-0.036921, -0.037030, 
-0.037656, -0.037808, 
-0.037440, -0.037236, 
-0.031283, -0.029791, 
-0.022118, -0.020583, 
-0.012910, -0.011375, 
-0.003702, -0.002167, 
0.005507, 0.007041, 
0.014715, 0.016249, 
0.023923, 0.025457, 
0.032618, 0.033640, 
0.037320, 0.037460, 
0.037487, 
0.032618, 
0.023923, 
0.014715, 
0.005507, 
-0.003702, 
-0.012910, 
-0.022118, 
-0.031283, 
-0.037137, 
-0.037911, 
-0.036921, 
-0.028256, 
-0.019048, 
-0.009840, 
-0.000632, 
0.008576, 
0.017784, 
0.026992, 
0.034764, 
0.037621, 
0.010016, 
0.009181, 
0.007451, 
0.003880, 
-0.000546, 
-0.005774, 
-0.011711, 
-0.018348, 
-0.025875, 
-0.034431, 
-0.038501, 
-0.038073, 
-0.033503, 
-0.021740, 
-0.013170, 
-0.006509, 
-0.001303, 
0.002809, 
0.006023, 
0.008522, 
0.010169, 
0.010317, 
&end 
0.009815, 
0.009134, 
0.006920, 
0.003199, 
-0.001358, 
-0.006718, 
-0.012766, 
-0.019534, 
-0.027236, 
-0.036011, 
-0.038560, 
-0.037658, 
-0.031374, 
-0.020141, 
-0.011947, 
-0.005519, 
-0.000550, 
0.003401, 
0.006485, 
0.008882, 
0.010425, 
0.010206, 
0.009614, 
0.008816, 
0.006362, 
0.002493, 
-0.002195, 
-0.007679, 
-0.013840, 
-0.020745, 
-0.028628, 
-0.037300, 
-0.038587, 
-0.037158, 
-0.029053, 
-0.018617, 
-0.010772, 
-0.004640, 
0.000175, 
0.003968, 
0.006928, 
0.009231, 
0.010440, 
0.010016, 
0.009441, 
0.008478, 
0.005804, 
0.001764, 
-0.003058, 
-0.008660, 
-0.014934, 
-0.021983, 
-0.030053, 
-0.038299, 
-0.038592, 
-0.036623, 
-0.027068, 
-0.017164, 
-0.009644, 
-0.003754, 
0.000874, 
0.004513, 
0.007352, 
0.009457, 
0.010446, 
0.009308, 
0.008133, 
0.005167, 
0.001014, 
-0.003944, 
-0.009659, 
-0.016050, 
-0.023250, 
-0.031509, 
-0.038372, 
-0.038536, 
-0.036193, 
-0.025215, 
-0.015774, 
-0.008561, 
-0.002903, 
0.001546, 
0.005037, 
0.007759, 
0.009678, 
0.010434, 
0.009224, 
0.007795, 
0.004536, 
0.000264, 
-0.004849, 
-0.010676, 
-0.017188, 
-0.024547, 
-0.032962, 
-0.038437, 
-0.038362, 
-0.035579, 
-0.023426, 
-0.014444, 
-0.007521, 
-0.002087, 
0.002191, 
0.005540, 
0.008149, 
0.009918, 
0.010381, 
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B.2DRVCQ3Dfileat a = 42° 
'Modified GE S t a t o r Bf 
&nll m=225 n=33 mtl=25 mil=101 &end 
&nl2 nstg=4 i v d t = l i r s = l eps=l ndis=2 cf1=5.6 av i sc2=0 .5 av i sc4=1 .5 
ipc=0 pck=.60 refm=.45 hcuspk=.10 ausmk=.8 icdup=0 &end 
&nl3 ibc in=3 ibcex=l itmax=3000 i r e s t i = 0 i r e s t o = l i r e s=10 
i c rn t=50 ixrm=0 ibcextO=0 &end 
&nl4 amle=.4 a l le=42 bete=18 p r a t = . 9 2 p0in=1.0 t 0 i n = 1 . 0 g= l .4 &end5 
&nl5 i l t = 2 jedge=10 renr=8.728e6 p rn r= .7 tw=0. vispwr=.667 
i t u r = 2 cmutm=14. &end 
&nl6 omega=0. nblade=l nmn=0 Send 
&nl7 t i n t e n s = . 0 1 t l e n g t h = l . 0 6 9 5 e - 6 hrough=4. &end 
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C. RVCQ3d Result 
1.25% Span 
i. a = 42° 
Table 1. Energy-averaged flow quantities at a = 42° at 25% span 
Energy-averaged flow quantities 
Quantity 
»?/(Po*Co) 
p/po 
u/co 
v/c0 
e/( po *c0A2) 
q/c0 
a 
"s / r0;in 
"o ' "o,in 
A s' A o,m 
t o< t o,in 
Mach no. 
inlet-abs 
0.01963 
0.91643 
0.30776 
0.27711 
1.65894 
0.41413 
42.00001 
0.885 
0.99999 
0.9657 
1 
0.42142 
exit-abs 
0.01963 
0.94125 
0.30488 
0.14059 
1.69591 
0.33574 
24.75631 
0.92 
0.99644 
0.97742 
0.99996 
0.33959 
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ii. a = 44° 
Table 2. Energy-averaged flow quantities at a = 44° at 25% span 
Energy-averaged flow quantities 
Quantity 
m/(po*C0) 
p/Po 
u/co 
v/c0 
e/( po *c0A2) 
q/c0 
a 
As ' "o,m 
* o ' "o,in 
A y A o,in 
A o/ A o,in 
Mach no. 
inlet-abs 
0.01947 
0.91144 
0.30691 
0.29638 
1.65128 
0.42665 
44.00001 
0.87826 
0.99999 
0.96359 
1 
0.43464 
exit-abs 
0.01947 
0.94118 
0.30378 
0.14226 
1.69581 
0.33544 
25.09378 
0.92 
0.99629 
0.9775 
1 
0.33928 
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iii. a = 46° 
Table 3. Energy-averaged flow quantities at a = 46° at 25% span 
Energy-averaged flow quantities 
Quantity 
w/(p0*Co) 
P/po 
u/c0 
v/c0 
e/( p0 *c0A2) 
q/c0 
a 
As ' "o,in 
"o ' "o,m 
A s ' A o,in 
A o> A o,in 
Mach no. 
inlet-abs 
0.0186 
0.91368 
0.2925 
0.30289 
1.65472 
0.42107 
46 
0.88129 
0.99999 
0.96454 
1 
0.42874 
exit-abs 
0.01858 
0.94085 
0.29847 
0.15286 
1.69576 
0.33534 
27.11968 
0.92 
0.99621 
0.97784 
1.00033 
0.33912 
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2. 50% Span 
i. a = 42° 
Table 4. Energy-averaged flow quantities at a = 42° at 50% span 
Energy-averaged flow quantities 
Quantity 
w/(p0*Co) 
P/po 
u/co 
v/c0 
e/( po *c0A2) 
q/c0 
a 
As ' "o,in 
r o ' "o,in 
A J A
 0 ) in 
A J A
 0>in 
Mach no. 
inlet-abs 
0.01906 
0.91254 
0.31505 
0.28367 
1.65296 
0.42394 
42 
0.87974 
0.99999 
0.96406 
1 
0.43177 
exit-abs 
0.01906 
0.94135 
0.30978 
0.13132 
1.69614 1 
0.33647 
22.97323 
0.92 
0.99679 
0.97732 
0.99996 
0.34035 
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ii. a = 44° 
Table 5. Energy-averaged flow quantities at a = 44° at 50% span 
Energy-averaged flow quantities 
Quantity 
m/(p0*co) 
p/po 
u/c0 
v/c0 
e/( p0 *c0A2) 
q/c0 
a 
As ' "o,in 
* o ' "0,111 
A s ' A o l n 
A J A o,in 
Mach no. 
inlet-abs 
0.01895 
0.90667 
0.31533 
0.30451 
1.64394 
0.43835 
44 
0.87182 
0.99999 
0.96157 
1 
0.44703 
exit-abs 
0.01895 
0.9413 
0.30888 
0.1326 
1.69603 
0.33614 
23.23415 
0.92 
0.99663 
0.97737 
0.99997 
0.34 
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iii. a = 46° 
Table 6. Energy-averaged flow quantities at a = 46° at 50% span 
Energy-averaged flow quantities 
Quantity 
m /(p0*co) 
P/po 
u/c0 
v/c0 
e/( p0 *c0A2) 
q/c0 
a 
As ' "o,in 
"o ' "o,in 
A s' A o,in 
A o/ A o,in 
Mach no. 
inlet-abs 
0.01862 
0.90268 
0.31114 
0.32219 
1.6378 
0.4479 
46 
0.86646 
0.99999 
0.95988 
1 
0.45717 
exit-abs 
0.01861 
0.94111 
0.30636 
0.13624 
1.69576 
0.33528 
23.97455 
0.92 
0.99621 
0.97757 
1.00005 
0.33911 
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3) 75% Span 
i. a = 42° 
Table 7. Energy-averaged flow quantities at a = 42° at 75% span 
Energy-averaged flow quantities 
Quantity 
m/(po*c0) 
p/po 
u/co 
v/c0 
e/( p0 *c0A2) 
q/c0 
a 
"s ' "o,in 
Ao ' "o,in 
A s> A o,in 
A o/ A o.in 
Mach no. 
inlet-abs 
0.01736 
0.91942 
0.30208 
0.27199 
1.66352 
0.40648 
42 
0.88903 
1 
0.96695 
1 
0.41337 
exit-abs 
0.01736 
0.94102 
0.30289 
0.14092 
1.69537 
0.33406 
24.95034 
0.92 
0.99563 
0.97767 
0.99999 
0.33786 
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ii. a =44° 
Table 8. Energy-averaged flow quantities at a = 44° at 75% span 
Energy-averaged flow quantities 
Quantity 
w/(p0*Co) 
P/po 
u/c0 
v/c0 
e/( po *c0A2) 
q/c0 
a 
As ' "o,in 
"o ' "o,in 
A s' A
 0;in 
A J A o,in 
Mach no. 
inlet-abs 
0.01767 
0.90917 
0.31095 
0.30028 
1.64778 
0.43227 
44.00001 
0.87519 
0.99999 
0.96263 
1 
0.44058 
exit-abs 
0.01767 
0.94122 
0.30665 
0.13639 
1.69586 
0.33561 
23.97791 
0.92 
0.99637 
0.97745 
0.99998 
0.33946 
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iii. a = 46° 
Table 9. Energy-averaged flow quantities at a = 46° at 75% span 
Energy-averaged flow quantities 
Quantity 
«/(po*Co) 
p/Po 
u/co 
v/c0 
e/( po *c0A2) 
q/c0 
a 
"s ' "o,in 
"o ' "o,in 
A y * o,m 
A o^ A o,m 
Mach no. 
inlet-abs 
0.01744 
0.90421 
0.30862 
0.31958 
1.64016 
0.44427 
46.00001 
0.86852 
0.99999 
0.96053 
1 
0.45331 
exit-abs 
0.01744 
0.94111 
0.30498 
0.1391 
1.69573 
0.3352 
24.51719 
0.92 
0.99617 
0.97757 
1.00005 
0.33902 
CHAPTER VII 
APPENDIX B 
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3D Grids and Result Files 
1. TCGRID input File 
&naml merid=0 im=145 jm=50 km=50 itl=17 icap=15 i2d=21 k2d=l 1 
igclt=0 igeom=0 &end 
&nam2 nle=12 nte=6 dsle=.00005 dste=.00005 dshub=.00001 dstip=.00001 
dswte=.0001916 dswex=.001 dsthr=.8 dsmin=.0000078 dsmax=.0013262 
dsra=.495 rcorn=0. gap=0 cltip=0 dsclt=.0000117 dsclh=.0000117 &end 
&nam3 iterm=200 idbg=0 0 0 0 0 0 0 0 0 aabb=.35 ccdd=45 csmoo=0. iopen=l &end 
&nam4 zbc=-.09500 -.05897 .05878 -.09500 -.05890 .06053 
rbc= .48800 .48800 .48800 .60545 .60545 .60545 &end 
&nam5 iswift=0 dslap=.0013262 exl=1.5 fswake=.7 ioble=13 &end 
'GE compressor stator type B cascade' 
2 2 
-0.058965 
0.488000 
-0.058900 
0.605450 
5 71 52 
0.033637 
0.023585 
-0.010035 
-0.033280 
-0.033420 
-0.010107 
0.023581 
0.033637 
0.016718 
0.011790 
-0.012779 
-0.040432 
0.058775 
0.488000 
0.060530 
0.605450 
0.033536 
0.020098 
-0.013394 
-0.033427 
-0.033081 
-0.006989 
0.026875 
0.016259 
0.009955 
-0.016109 
-0.040598 
0.033312 
0.016645 
-0.016514 
-0.033861 
-0.032158 
-0.003656 
0.030142 
0.016051 
0.007982 
-0.019374 
-0.041022 
0.032888 
0.013369 
-0.019954 
-0.034063 
-0.031171 
0.000023 
0.030850 
0.015878 
0.005964 
-0.023210 
-0.041152 
0.032611 
0.009964 
-0.023394 
-0.034241 
-0.029941 
0.003346 
0.031728 
0.015784 
0.003712 
-0.027312 
-0.041203 
0.032384 
0.006756 
-0.026497 
-0.034391 
-0.026459 
0.006755 
0.032371 
0.015701 
0.001100 
-0.031269 
-0.041176 
0.031701 
0.003360 
-0.029936 
-0.034507 
-0.023290 
0.009973 
0.032611 
0.015436 
-0.001680 
-0.035929 
-0.040974 
0.030859 
0.000000 
-0.031175 
-0.034513 
-0.019899 
0.013372 
0.032888 
0.015100 
-0.004211 
-0.037631 
-0.040411 
0.030152 
-0.003646 
-0.032081 
-0.034241 
-0.016459 
0.016678 
0.033312 
0.014810 
-0.007106 
-0.038862 
-0.039337 
0.026906 
-0.006967 
-0.033104 
-0.033861 
-0.013333 
0.020111 
0.033536 
0.013387 
-0.009881 
-0.040220 
-0.038217 
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-0.037054 
-0.005509 
0.014043 
0.016718 
0.488000 
0.488000 
0.488000 
0.488000 
0.488000 
0.488000 
0.488000 
0.488000 
0.488000 
0.488000 
0.488000 
0.488000 
0.488000 
0.488000 
0.488000 
0.037949 
0.023595 
-0.010083 
-0.036720 
-0.036968 
-0.010050 
0.023593 
0.037949 
0.009830 
0.004414 
-0.015103 
-0.038165 
-0.035691 
-0.007658 
0.007275 
0.009830 
-0.036223 
-0.002909 
0.015228 
0.488000 
0.488000 
0.488000 
0.488000 
0.488000 
0.488000 
0.488000 
0.037888 
0.020064 
-0.013265 
-0.036968 
-0.036382 
-0.007068 
0.026934 
0.009578 
0.002855 
-0.017450 
-0.038343 
-0.034613 
-0.005741 
0.008148 
-0.034129 
-0.000361 
0.016345 
0.488000 
0.488000 
0.488000 
0.488000 
0.488000 
0.488000 
0.488000 
0.037594 
0.016658 
-0.016581 
-0.037180 
-0.034375 
-0.003558 
0.030113 
0.009283 
0.001231 
-0.020004 
-0.038473 
-0.031351 
-0.003667 
0.008909 
-0.032091 
0.002185 
0.016576 
0.488000 
0.488000 
0.488000 
0.488000 
0.488000 
0.488000 
0.488000 
0.037178 
0.013343 
-0.019885 
-0.037413 
-0.032256 
0.000000 
0.032392 
0.009168 
-0.000446 
-0.022669 
-0.038572 
-0.028357 
-0.001753 
0.009422 
-0.029773 
0.004315 
0.016850 
0.488000 
0.488000 
0.488000 
0.488000 
0.488000 
0.488000 
0.488000 
0.036842 
0.009898 
-0.023349 
-0.037655 
-0.029925 
0.003339 
0.034300 
0.009074 
-0.002300 
-0.025612 
-0.038598 
-0.025386 
-0.000131 
0.009835 
-0.024036 -0.019587 -0.015381 -0.011575 -0.008450 
0.006308 0.008039 0.009725 0.011237 0.012690 
0.017068 0.017147 0.017224 0.017152 0.016956 
0.488000 0.488000 0.488000 0.488000 0.488000 
0.488000 0.488000 0.488000 0.488000 0.488000 
0.488000 0.488000 0.488000 0.488000 0.488000 
0.488000 0.488000 0.488000 0.488000 0.488000 
0.488000 0.488000 0.488000 0.488000 0.488000 
0.488000 0.488000 0.488000 0.488000 0.488000 
0.488000 0.488000 0.488000 0.488000 0.488000 
0.036349 0.034403 0.032257 0.030125 0.027003 
0.006756 0.003408 0.000000 -0.003585 -0.007016 
-0.026470 -0.030012 -0.032308 -0.034412 -0.036481 
-0.037799 -0.037919 -0.037917 -0.037739 -0.037413 
-0.026475 -0.023353 -0.019984 -0.016600 -0.013263 
0.006669 0.009904 0.013437 0.016721 0.020056 
0.036404 0.036842 0.037178 0.037594 0.037888 
0.008940 0.008388 0.007692 0.006959 0.005797 
-0.004097 -0.006107 -0.008243 -0.010588 -0.012928 
-0.028401 -0.031734 -0.033978 -0.036033 -0.037975 
-0.038542 -0.038289 -0.037998 -0.037342 -0.036578 
-0.021485 -0.018333 -0.015250 -0.012436 -0.009898 
0.001394 0.002737 0.004072 0.005205 0.006260 
0.010354 0.010375 0.010450 0.010403 0.010109 
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0.517381 
0.517381 
0.517381 
0.517381 
0.517381 
0.517381 
0.517381 
0.517381 
0.517381 
0.517381 
0.517381 
0.517381 
0.517381 
0.517381 
0.039176 
0.023512 
-0.010026 
-0.037119 
-0.037157 
-0.010112 
0.023476 
0.039176 
0.009014 
0.003090 
-0.015808 
-0.037535 
-0.034033 
-0.007680 
0.006472 
0.009014 
0.546762 
0.546762 
0.546762 
0.546762 
0.546762 
0.517381 
0.517381 
0.517381 
0.517381 
0.517381 
0.517381 
0.517381 
0.039099 
0.020051 
-0.013427 
-0.037682 
-0.036418 
-0.007050 
0.026920 
0.008707 
0.001553 
-0.018174 
-0.037917 
-0.032828 
-0.005807 
0.007326 
0.546762 
0.546762 
0.546762 
0.517381 
0.517381 
0.517381 
0.517381 
0.517381 
0.517381 
0.517381 
0.038821 
0.016609 
-0.016580 
-0.037945 
-0.034468 
-0.003589 
0.030064 
0.008421 
0.000000 
-0.020456 
-0.038054 
-0.029825 
-0.003870 
0.008038 
0.546762 
0.546762 
0.546762 
0.517381 
0.517381 
0.517381 
0.517381 
0.517381 
0.517381 
0.517381 
0.038381 
0.013326 
-0.019998 
-0.038208 
-0.032294 
0.000000 
0.032329 
0.008291 
-0.001747 
-0.023033 
-0.038156 
-0.026990 
-0.002042 
0.008513 
0.546762 
0.546762 
0.546762 
0.517381 
0.517381 
0.517381 
0.517381 
0.517381 
0.517381 
0.517381 
0.037493 
0.009903 
-0.023315 
-0.038454 
-0.030001 
0.003408 
0.034255 
0.008051 
-0.003578 
-0.025648 
-0.038186 
-0.024427 
-0.000457 
0.008913 
0.546762 
0.546762 
0.546762 
0.517381 
0.517381 
0.517381 
0.517381 
0.517381 
0.517381 
0.517381 
0.036520 
0.006733 
-0.026438 
-0.038665 
-0.026520 
0.006706 
0.036453 
0.007765 
-0.005359 
-0.028220 
-0.038090 
-0.020742 
0.000953 
0.009347 
0.546762 
0.546762 
0.546762 
0.517381 
0.517381 
0.517381 
0.517381 
0.517381 
0.517381 
0.517381 
0.034333 
0.003426 
-0.029948 
-0.038801 
-0.023306 
0.009967 
0.037493 
0.007131 
-0.007222 
-0.031243 
-0.037749 
-0.017694 
0.002233 
0.009539 
0.546762 
0.546762 
0.546762 
0.517381 
0.517381 
0.517381 
0.517381 
0.517381 
0.517381 
0.517381 
0.032306 
0.000000 
-0.032244 
-0.038687 
-0.019987 
0.013350 
0.038361 
0.006469 
-0.009297 
-0.033284 
-0.037048 
-0.014819 
0.003450 
0.009721 
0.546762 
0.546762 
0.546762 
0.517381 
0.517381 
0.517381 
0.517381 
0.517381 
0.517381 
0.517381 
0.030042 
-0.003635 
-0.034433 
-0.038145 
-0.016552 
0.016592 
0.038821 
0.005689 
-0.011586 
-0.035238 
-0.035813 
-0.012133 
0.004516 
0.009636 
0.546762 
0.546762 
0.546762 
0.517381 
0.517381 
0.517381 
0.517381 
0.517381 
0.517381 
0.517381 
0.026914 
-0.007002 
-0.036418 
-0.037682 
-0.013351 
0.020051 
0.039099 
0.004493 
-0.013777 
-0.036963 
-0.034951 
-0.009831 
0.005549 
0.009352 
0.546762 
0.546762 
0.546762 
0.546762 
0.546762 
0.546762 
0.546762 
0.546762 
0.546762 
0.546762 
0.546762 
0.546762 
0.039917 
0.023510 
-0.010056 
-0.036812 
-0.037355 
-0.010146 
0.023524 
0.039917 
0.011089 
0.004238 
-0.016051 
-0.038647 
-0.035259 
-0.006766 
0.008170 
0.011089 
0.576143 
0.576143 
0.576143 
0.576143 
0.576143 
0.576143 
0.576143 
0.576143 
0.576143 
0.546762 
0.546762 
0.546762 
0.546762 
0.039768 
0.020137 
-0.013441 
-0.037124 
-0.036504 
-0.006900 
0.026808 
0.010507 
0.002618 
-0.018551 
-0.038881 
-0.033686 
-0.004684 
0.009036 
0.576143 
0.576143 
0.576143 
0.576143 
0.576143 
0.546762 
0.546762 
0.546762 
0.546762 
0.039486 
0.016619 
-0.016519 
-0.037450 
-0.034378 
-0.003599 
0.030078 
0.010269 
0.000816 
-0.020893 
-0.039093 
-0.030275 
-0.002762 
0.009827 
0.576143 
0.576143 
0.576143 
0.576143 
0.576143 
0.546762 
0.546762 
0.546762 
0.546762 
0.039056 
0.013339 
-0.020005 
-0.037813 
-0.032293 
0.000000 
0.032369 
0.010130 
-0.000962 
-0.023677 
-0.039278 
-0.027352 
-0.000835 
0.010344 
0.576143 
0.576143 
0.576143 
0.576143 
0.576143 
0.546762 
0.546762 
0.546762 
0.546762 
0.037915 
0.009985 
-0.023394 
-0.038169 
-0.029879 
0.003411 
0.034376 
0.009806 
-0.002876 
-0.026509 
-0.039361 
-0.024292 
0.000834 
0.010784 
0.576143 
0.576143 
0.576143 
0.576143 
0.576143 
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0.546762 
0.546762 
0.546762 
0.546762 
0.036563 
0.006769 
-0.026409 
-0.038490 
-0.026514 
0.006700 
0.036563 
0.009400 
-0.004799 
-0.029134 
-0.039255 
-0.020509 
0.002314 
0.011250 
0.576143 
0.576143 
0.576143 
0.576143 
0.576143 
0.546762 
0.546762 
0.546762 
0.546762 
0.034309 
0.003446 
-0.029944 
-0.038634 
-0.023381 
0.009909 
0.037915 
0.008614 
-0.006872 
-0.032349 
-0.039015 
-0.017291 
0.003641 
0.011527 
0.576143 
0.576143 
0.576143 
0.576143 
0.576143 
0.546762 
0.546762 
0.546762 
0.546762 
0.032310 
0.000000 
-0.032308 
-0.038673 
-0.019999 
0.013428 
0.039056 
0.007930 
-0.009107 
-0.034546 
-0.038589 
-0.014280 
0.004975 
0.011769 
0.576143 
0.576143 
0.576143 
0.576143 
0.576143 
0.546762 
0.546762 
0.546762 
0.546762 
0.030037 
-0.003606 
-0.034414 
-0.038444 
-0.016534 
0.016630 
0.039486 
0.007057 
-0.011528 
-0.036517 
-0.037656 
-0.011407 
0.006085 
0.011686 
0.576143 
0.576143 
0.576143 
0.576143 
0.576143 
0.546762 
0.546762 
0.546762 
0.546762 
0.026808 
-0.006907 
-0.036437 
-0.037995 
-0.013355 
0.020075 
0.039768 
0.005712 
-0.013810 
-0.038329 
-0.036572 
-0.008998 
0.007176 
0.011441 
0.576143 
0.576143 
0.576143 
0.576143 
0.576143 
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0.576143 
0.576143 0.576143 0.576143 0.576143 0.576143 
0.576143 
0.576143 0.576143 0.576143 0.576143 0.576143 
0.576143 
0.035268 
0.023550 
-0.010071 
-0.032593 
-0.032600 
-0.010071 
0.023550 
0.035268 
0.023144 
0.015326 
-0.014439 
-0.044025 
-0.036011 
-0.001967 
0.019535 
0.023144 
0.605450 
0.605450 
0.605450 
0.605450 
0.605450 
0.605450 
0.605450 
0.605450 
0.605450 
0.605450 
0.605450 
0.605450 
0.605450 
0.035318 
0.020111 
-0.013357 
-0.033075 
-0.032105 
-0.006975 
0.026889 
0.022362 
0.012978 
-0.017986 
-0.044381 
-0.034473 
0.000873 
0.020952 
0.605450 
0.605450 
0.605450 
0.605450 
0.605450 
0.605450 
0.605450 
0.034932 
0.016648 
-0.016521 
-0.033305 
-0.031411 
-0.003658 
0.030107 
0.021830 
0.010451 
-0.021778 
-0.044468 
-0.032570 
0.003540 
0.022265 
0.605450 
0.605450 
0.605450 
0.605450 
0.605450 
0.605450 
0.605450 
0.034389 
0.013385 
-0.019945 
-0.033484 
-0.030619 
0.000043 
0.031157 
0.021522 
0.007664 
-0.025987 
-0.044508 
-0.030594 
0.006386 
0.022679 
0.605450 
0.605450 
0.605450 
0.605450 
0.605450 
0.605450 
0.605450 
0.033739 
0.009975 
-0.023309 
-0.033595 
-0.029965 
0.003372 
0.032247 
0.021230 
0.004317 
-0.030496 
-0.044508 
-0.029093 
0.008612 
0.023104 
0.605450 
0.605450 
0.605450 
0.605450 
0.605450 
0.605450 
0.605450 
0.576143 0.576143 0.576143 0.576143 0.576143 
0.576143 0.576143 0.576143 0.576143 0.576143 
0.033238 0.032247 0.031157 0.030107 0.026889 
0.006712 0.003372 0.000000 -0.003658 -0.006975 
-0.026496 -0.029965 -0.030619 -0.031411 -0.032105 
-0.033785 -0.034068 -0.033937 -0.033512 -0.033101 
-0.026496 -0.023309 -0.019945 -0.016521 -0.013357 
0.006712 0.009975 0.013385 0.016648 0.020111 
0.033238 0.033739 0.034389 0.034932 0.035121 
0.020991 0.020470 0.019886 0.019317 0.017441 
0.001597 -0.001334 -0.004435 -0.007956 -0.011289 
-0.035073 -0.040345 -0.041321 -0.042482 -0.043444 
-0.044421 -0.043763 -0.041774 -0.039434 -0.037725 
-0.022361 -0.017300 -0.012711 -0.008605 -0.005191 
0.010754 0.012703 0.014597 0.016291 0.017984 
0.023516 0.023712 0.023845 0.023612 0.023421 
0.605450 0.605450 0.605450 0.605450 0.605450 
0.605450 0.605450 0.605450 0.605450 0.605450 
0.605450 0.605450 0.605450 0.605450 0.605450 
0.605450 0.605450 0.605450 0.605450 0.605450 
0.605450 0.605450 0.605450 0.605450 0.605450 
0.605450 0.605450 0.605450 0.605450 0.605450 
0.605450 0.605450 0.605450 0.605450 0.605450 
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2. Swift Input File 
i. a = 42° 
fGE compressor stator type B1 
&nl2 cfl=5.6 nstg=4 ndis=2 avisc2=1.0 avisc4=1.5 ivdt=l itmax=3000 
irs=l eps=1.5 ipc=0 refmr=.4 refms=.3 pck=.6 &end 
&nl3 ibcin=l ibcinu=l ibcinv=2 ibcex=3 ibcextO=0 ires=10 iresti=0 iresto=l &end 
&nl4 igeom=l om=0.0 prat=0.92 ga=l.4 expt=0 &end 
&nl5 ilt=2 tw=0 renr=8.728e6 prnr=.7 prtr=.9 vispwr=.6667 
cmutm=14. jedge=10 kedgh=19 kedgt=30 
xrle=0 xrte=0 
hrough=7.764E-06 tintens=.01 tlength=6.67e-6 itur=5 
iltin=2 dblh=0.00001 dblt=0.00001 &end 
&nl6 oar=0. nko=l ko=19 iqav=0 &end 
row PO Mx Mt Mr TO 
0 1.0000 .2926 .2635 0. 1.0000 
1 1.0000 .2828 .0919 0. 1.0000 
ii. a = 44° 
TGE compressor stator type Bf 
&nl2 cfl=5.6 nstg=4 ndis=2 avisc2=l.0 avisc4=1.5 ivdt=l itmax=3000 
irs=l eps=l.5 ipc=0 refmr=.4 refms=.3 pck=.6 &end 
&nl3 ibcin=l ibcinu=l ibcinv=2 ibcex=3 ibcext0=0 ires=10 iresti=0 iresto=l &end 
&nl4 igeom=l om=0.0 prat=0.92 ga=l.4 expt=0 &end 
&nl5 ilt=2 tw=0 renr=8.728e6 prnr=.7 prtr=.9 vispwr=.6667 
cmutm=14. jedge=10 kedgh=19 kedgt=30 
xrle=0 xrte=0 
hrough=7.764E-06 tintens=.01 tlength=6.67e-6 itur=5 
iltin=2 dblh=0.00001 dblt=0.00001 &end 
&nl6 oar=0. nko=l ko=19 iqav=0 &end 
row P0 Mx Mt Mr TO 
0 1.0000 .2832 .2735 0. 1.0000 
1 1.0000 .2729 .0887 0. 1.0000 
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iii. a = 46° 
'GE compressor stator type B' 
&nl2 cfl=5.6 nstg=4 ndis=2 avisc2=1.0 avisc4=1.5 ivdt=l itmax=3000 
irs=l eps=1.5 ipc=0 refmr=.4 refms=.3 pck=.6 &end 
&nl3 ibcin=l ibcinu=l ibcinv=2 ibcex=3 ibcextO=0 ires=10 iresti=0 iresto=l &end 
&nl4 igeom=l om=0.0 prat=0.92 ga=1.4 expt=0 &end 
&nl5 ilt=2 tw=0 renr=8.728e6 prnr= 7 prtr=. 9 vispwr=.6667 
cmutm=14. jedge=10 kedgh=19 kedgt=30 
xrle=0 xrte=0 
hrough=7.764E-06 tintens=.01 tlength=6.67e-6 itur=5 
iltin=2 dblh=0.00001 dblt=0.00001 &end 
&nl6 oar=0. nko=l ko=19 iqav=0 &end 
row PO Mx Mt Mr TO 
0 1.0000 .2735 .2832 0. 1.0000 
1 1.0000 .2627 .0854 0. 1.0000 
File 
i.a = 42° 
Table 1. Swift result file at a = 42 
Spanwise profiles on the exit of gird no.1 abs. frame, energy averaged 
k 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
% span 
0 
0.00853 
0.02432 
0.04426 
0.07216 
0.1113 
0.1661 
0.24289 
0.35038 
0.50077 
0.71089 
1.00409 
1.41243 
1.97952 
2.76391 
3.84313 
5.31701 
7.30966 
9.96712 
13.44752 
17.89887 
23.42263 
30.02587 
37.57579 
45.78128 
%m 
0 
0.00029 
0.00151 
0.00459 
0.01099 
0.02292 
0.0435 
0.07731 
0.13118 
0.2153 
0.3447 
0.54095 
0.83416 
1.26528 
1.88877 
2.77564 
4.01665 
5.72524 
8.03838 
11.11186 
15.10503 
20.15006 
26.30612 
33.50903 
41.53761 
vtot 
0 
0.01711 
0.04091 
0.06847 
0.0969 
0.1239 
0.14863 
0.17155 
0.19348 
0.2148 
0.23523 
0.25412 
0.27086 
0.28503 
0.29642 
0.30508 
0.31131 
0.31565 
0.31879 
0.32144 
0.32412 
0.32703 
0.3302 
0.33352 
0.33686 
a 
0 
6.31428 
6.27357 
6.25645 
6.28715 
6.39474 
6.6107 
6.96127 
7.45771 
8.10133 
8.88446 
9.78401 
10.75798 
11.74418 
12.66678 
13.44939 
14.02825 
14.36502 
14.45858 
14.3502 
14.11586 
13.84641 
13.62844 
13.52848 
13.59039 
phi 
0 
-0.00098 
0.00123 
0.00191 
0.00289 
0.00295 
0.00271 
0.00355 
0.00599 
0.01056 
0.01759 
0.02824 
0.04461 
0.06955 
0.10644 
0.15935 
0.23276 
0.32945 
0.44739 
0.5771 
0.7019 
0.8032 
0.86819 
0.89004 
0.86476 
Ps 
0.91997 
0.92 
0.92 
0.92 
0.92 
0.92 
0.92 
0.92 
0.92 
0.92 
0.92 
0.92 
0.92001 
0.92001 
0.92002 
0.92004 
0.92006 
0.9201 
0.92015 
0.92021 
0.9203 
0.9204 
0.92052 
0.92066 
0.9208 
Po 
0.91997 
0.92019 
0.92108 
0.92303 
0.92608 
0.92997 
0.93439 
0.93922 
0.94454 
0.95036 
0.95655 
0.96284 
0.96886 
0.97431 
0.97892 
0.98257 
0.9853 
0.98725 
0.98871 
0.98999 
0.9913 
0.99276 
0.99437 
0.99609 
0.99784 
Ts 
0.99787 
0.99798 
0.99778 
0.99732 
0.99657 
0.9956 
0.99447 
0.99321 
0.99181 
0.99025 
0.98856 
0.98684 
0.98519 
0.9837 
0.98243 
0.98141 
0.98065 
0.98011 
0.97969 
0.97934 
0.97899 
0.9786 
0.97818 
0.97773 
0.97729 
To 
0.99787 
0.99804 
0.99811 
0.99825 
0.99845 
0.99867 
0.99889 
0.9991 
0.9993 
0.99947 
0.99963 
0.99976 
0.99986 
0.99994 
1 
1.00003 
1.00004 
1.00003 
1.00002 
1.00001 
1 
0.99999 
0.99999 
0.99998 
0.99998 
Mach 
0 
0.01713 
0.04096 
0.06857 
0.09706 
0.12418 
0.14905 
0.17213 
0.19428 
0.21585 
0.23658 
0.25581 
0.27289 
0.28738 
0.29906 
0.30796 
0.31437 
0.31883 
0.32207 
0.32481 
0.32758 
0.33059 
0.33386 
0.3373 
0.34075 
P0 lOSS 
0.01025 
0.06891 
0.06801 
0.06604 
0.06296 
0.05904 
0.05458 
0.04971 
0.04436 
0.03851 
0.03229 
0.02601 
0.02003 
0.01467 
0.01022 
0.00681 
0.00445 
0.00301 
0.00224 
0.00187 
0.0017 
0.00166 
0.00172 
0.00188 
0.00214 
96 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
54.22198 
62.42729 
69.9769 
76.57973 
82.10309 
86.55399 
90.03406 
92.69123 
94.68364 
96.15736 
97.23646 
98.02073 
98.58775 
98.99603 
99.28921 
99.49933 
99.64969 
99.75719 
99.83389 
99.88873 
99.92783 
99.95574 
99.9757 
99.99149 
100 
50.02079 
58.49657 
66.50708 
73.69126 
79.83797 
84.88782 
88.89783 
91.99344 
94.32669 
96.0485 
97.29413 
98.17795 
98.79317 
99.21357 
99.49595 
99.6828 
99.80485 
99.88355 
99.93349 
99.96434 
99.98257 
99.99257 
99.99752 
99.99954 
100 
0.34007 
0.34306 
0.34587 
0.34862 
0.35136 
0.35394 
0.35597 
0.3568 
0.3556 
0.35146 
0.34361 
0.33166 
0.31569 
0.2963 
0.27445 
0.25125 
0.22757 
0.20364 
0.17875 
0.15154 
0.12097 
0.08757 
0.05386 
0.02346 
0 
13.83947 
14.282 
14.90188 
15.65901 
16.48895 
17.30697 
18.01723 
18.53404 
18.80136 
18.80209 
18.55492 
18.10455 
17.51217 
16.84766 
16.18149 
15.57388 
15.0653 
14.672 
14.38973 
14.20412 
14.09459 
14.0382 
14.01363 
14.00421 
0 
0.78852 
0.67003 
0.53286 
0.40183 
0.29306 
0.20979 
0.15103 
0.11213 
0.08679 
0.06967 
0.05755 
0.04848 
0.0409 
0.03409 
0.02795 
0.02254 
0.01771 
0.01342 
0.00912 
0.00476 
0.00178 
0.00056 
0.00125 
0.0027 
0 
0.92095 
0.92111 
0.92127 
0.92142 
0.92155 
0.92168 
0.92178^ 
0.92187 
0.92194 
0.92199 
0.92202 
0.92204 
0.92206 
0.92206 
0.92207 
0.92207 
0.92207 
0.92207 
0.92208 
0.92208 
0.92208 
0.92208 
0.92208 
0.92208 
0.92205 
0.99956 
1.00119 
1.00275 
1.00429 
1.00582 
1.00727 
1.00843 
1.00896 
1.00841 
1.00635 
1.00246 
0.99671 
0.9894 
0.98108 
0.97242 
0.96405 
0.95634 
0.9494 
0.94304 
0.93709 
0.93161 
0.92706 
0.92396 
0.92243 
0.92205 
0.97686 
0.97646 
0.97608 
0.9757 
0.97532 
0.97496 
0.97468 
0.97456 
0.97473 
0.97529 
0.97632 
0.97783 
0.97974 
0.98191 
0.98416 
0.98631 
0.98825 
0.98998 
0.99152 
0.99294 
0.99423 
0.99527 
0.99594 
0.99625 
0.99623 
0.99999 
1 
1 
1.00001 
1.00001 
1.00001 
1.00002 
1.00003 
1.00002 
0.99999 
0.99993 
0.99983 
0.99968 
0.99947 
0.99922 
0.99893 
0.99861 
0.99827 
0.99791 
0.99753 
0.99716 
0.9968 
0.99652 
0.99636 
0.99623 
0.34407 
0.34717 
0.35008 
0.35293 
0.35577 
0.35845 
0.36056 
0.36143 
0.36018 
0.35588 
0.34775 
0.33539 
0.31894 
0.29902 
0.27665 
0.25299 
0.22892 
0.20467 
0.17951 
0.15208 
0.12132 
0.08778 
0.05397 
0.02351 
0 
0.00247 
0.00278 
0.00299 
0.00298 
0.00272 
0.00229 
0.00192 
0.00198 
0.00296 
0.00533 
0.00941 
0.01526 
0.0226 
0.03091 
0.03952 
0.04783 
0.05548 
0.06236 
0.06866 
0.07455 
0.07997 
0.08447 
0.08753 
0.08904 
0.03163 
Overall average 
51 50 0.12128 0.33669 14.93835 0.552 0.92098 0.99795 0.97731 0.99998 0.34058 0.00331 
ii.a = 44° 
Table 2. Swift result file at a = 44° 
Spanwise profiles on the exit of grid no.1 abs frame energy average 
k 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
% span 
0 
0.00853 
0.02432 
0.04426 
0.07216 
0.1113 
0.1661 
0.24289 
0.35038 
0.50077 
0.71089 
1.00409 
1.41243 
1.97952 
2.76391 
3.84313 
5.31701 
7.30966 
9.96712 
13.44752 
17.89887 
23.42263 
30.02587 
37.57579 
45.78128 
54.22198 
62.42729 
%m 
0 
0.00028 
0.00147 
0.0045 
0.0108 
0.02258 
0.04297 
0.07654 
0.13015 
0.2141 
0.34365 
0.54084 
0.83653 
1.27267 
1.90492 
2.80539 
4.06564 
5.79905 
8.14106 
11.24409 
15.26234 
20.32211 
26.47777 
33.66322 
41.65943 
50.10143 
58.53558 
vtot 
0 
0.01653 
0.03953 
0.06644 
0.09442 
0.12119 
0.1458 
0.16867 
0.19069 
0.21235 
0.23344 
0.25326 
0.27103 
0.28612 
0.2982 
0.30726 
0.31362 
0.31787 
0.32075 
0.323 
0.32512 
0.32738 
0.32988 
0.33263 
0.33556 
0.33851 
0.34137 
a 
0 
6.80188 
6.75603 
6.73662 
6.76431 
6.8636 
7.06296 
7.39001 
7.86073 
8.48007 
9.24153 
10.12141 
11.0773 
12.04914 
12.96632 
13.75918 
14.37031 
14.76511 
14.94176 
14.93555 
14.8118 
14.64854 
14.51964 
14.47981 
14.56201 
14.7838 
15.15059 
phi 
0 
-0.0007 
0.00263 
0.00406 
0.00654 
0.00876 
0.01152 
0.01671 
0.0257 
0.04005 
0.06117 
0.091 
0.13186 
0.18624 
0.25633 
0.34345 
0.4469 
0.56187 
0.67737 
0.77673 
0.84156 
0.85856 
0.82631 
0.75328 
0.6507 
0.5257 
0.39108 
Ps 
0.91996 
0.92 
0.92 
0.92 
0.92 
0.92 
0.92 
0.92 
0.92 
0.92 
0.92 
0.92 
0.92001 
0.92001 
0.92002 
0.92004 
0.92006 
0.9201 
0.92016 
0.92023 
0.92032 
0.92044 
0.92057 
0.92072 
0.92089 
0.92106 
0.92124 
Po 
0.91996 
0.92017 
0.92101 
0.92286 
0.92578 
0.92954 
0.93384 
0.93858 
0.94383 
0.94966 
0.956 
0.96255 
0.96893 
0.97474 
0.97966 
0.98352 
0.98632 
0.98825 
0.98961 
0.99071 
0.99179 
0.99296 
0.99428 
0.99574 
0.99731 
0.99892 
1.0005 
Ts 
0.99717 
0.99723 
0.99708 
0.99671 
0.99606 
0.9952 
0.99417 
0.99301 
0.9917 
0.9902 
0.98854 
0.9868 
0.98509 
0.98353 
0.98219 
0.98114 
0.98037 
0.97984 
0.97946 
0.97915 
0.97885 
0.97853 
0.97818 
0.97781 
0.97743 
0.97705 
0.97669 
To 
0.99717 
0.99729 
0.99739 
0.99759 
0.99785 
0.99813 
0.99842 
0.9987 
0.99897 
0.99922 
0.99944 
0.99963 
0.99978 
0.9999 
0.99998 
1.00002 
1.00004 
1.00004 
1.00003 
1.00002 
1 
0.99997 
0.99995 
0.99994 
0.99995 
0.99997 
1 
Mach 
0 
0.01655 
0.03959 
0.06655 
0.09461 
0.12148 
0.14623 
0.16926 
0.19149 
0.2134 
0.23479 
0.25495 
0.27307 
0.2885 
0.30089 
0.3102 
0.31675 
0.32112 
0.3241 
0.32642 
0.32862 
0.33096 
0.33354 
0.33639 
0.33941 
0.34247 
0.34542 
P 0 lOSS 
0.01467 
0.0697 
0.06886 
0.067 
0.06405 I 
0.06025 
0.05591 
0.05114 
0.04586 
0.04 
0.03365 
0.0271 
0.02075 
0.01502 
0.01024 
0.00661 
0.00415 
0.00269 
0.00197 
0.00171 
0.0017 
0.00185 
0.00209 
0.00238 
0.00267 
0.00296 
, 0.00319 
98 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
69.9769 
76.57973 
82.10309 
86.55399 
90.03406 
92.69123 
94.68364 
96.15736 
97.23646 
98.02073 
98.58775 
98.99603 
99.28921 
99.49933 
99.64969 
99.75719 
99.83389 
99.88873 
99.92783 
99.95574 
99.9757 
99.99149 
100 
66.51198 
73.67443 
79.81241 
84.86359 
88.88042 
91.98415 
94.32424 
96.05064 
97.29871 
98.18337 
98.79842 
99.2181 
99.49957 
99.68552 
99.80679 
99.88489 
99.93436 
99.96487 
99.98286 
99.99271 
99.99758 
99.99956 
100 
0.34415 
0.34694 
0.34977 
0.35244 
0.35449 
0.35528 
0.35395 
0.34964 
0.3416 
0.32943 
0.31322 
0.29356 
0.27149 
0.24816 
0.22443 
0.20052 
0.17571 
0.14865 
0.11835 
0.08544 
0.0524 
0.0228 
0 
15.65341 
16.26529 
16.93938 
17.6103 
18.1995 
18.6313 
18.85068 
18.83444 
18.59207 
18.15952 
17.591 
16.95139 
16.30826 
15.72046 
15.22772 
14.84576 
14.56998 
14.3859 
14.27373 
14.21239 
14.18302 
14.17086 
0 
0.2667 
0.16731 
0.09746 
0.05134 
0.02352 
0.00928 
0.00397 
0.00364 
0.00582 
0.00885 
0.0113 
0.01247 
0.01246 
0.01152 
0.0099 
0.00796 
0.00543 
0.0025 
0.00075 
0.00066 
0.00224 
0.00674 
0 
0.92141 
0.92157 
0.92171 
0.92184 
0.92195 
0.92204 
0.9221 
0.92215 
0.92219 
0.92221 
0.92222 
0.92223 
0.92224 
0.92224 
0.92224 
0.92224 
0.92224 
0.92224 
0.92224 
0.92224 
0.92224 
0.92224 
0.92221 
1.00205 
1.00361 
1.00519 
1.00669 
1.00785 
1.00835 
1.00775 
1.00561 
1.00165 
0.99584 
0.98847 
0.98012 
0.97148 
0.96316 
0.95555 
0.94872 
0.94249 
0.93668 
0.93137 
0.92698 
0.92402 
0.92258 
0.92221 
0.97633 
0.97596 
0.97556 
0.97518 
0.97489 
0.97477 
0.97495 
0.97553 
0.9766 
0.97814 
0.9801 
0.98231 
0.98458 
0.98674 
0.9887 
0.99042 
0.99195 
0.99337 
0.99464 
0.99566 
0.99632 
0.99662 
0.99663 
1.00002 
1.00003 
1.00003 
1.00002 
1.00002 
1.00002 
1.00001 
0.99998 
0.99994 
0.99985 
0.99972 
0.99954 
0.99932 
0.99906 
0.99877 
0.99846 
0.99813 
0.99779 
0.99744 
0.99712 
0.99687 
0.99672 
0.99663 
0.3483 
0.35119 
0.35412 
0.35689 
0.35903 
0.35984 
0.35847 
0.354 
0.34567 
0.33309 
0.31638 
0.29619 
0.27361 
0.24982 
0.22571 
0.20149 
0.17642 
0.14914 
0.11867 
0.08562 
0.05249 
0.02284 
0 
0.00329 
0.00315 
0.00275 
0.0022 
0.00176 
0.00182 
0.00282 
0.00524 
0.00937 
0.01528 
0.02267 
0.03101 
0.03962 
0.04788 
0.05543 
0.06221 
0.06838 
0.07413 
0.0794 
0.08373 
0.08666 
0.08809 
0.03419 
Overall Average 
51 50 0.12045 0.33581 15.5873 0.43911 0.92107 0.99763 0.97742 0.99998 0.33967 0.00353 
iii.a = 46° 
Table 3. Swift result file at a = 46° 
Spanwise profiles on the exit of grid no.1 abs frame, energy average 
k 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
% span 
0 
0.00853 
0.02432 
0.04426 
0.07216 
0.1113 
0.1661 
0.24289 
0.35038 
0.50077 
0.71089 
1.00409 
1.41243 
1.97952 
2.76391 
3.84313 
5.31701 
7.30966 
9.96712 
13.44752 
17.89887 
23.42263 
30.02587 
37.57579 
45.78128 
54.22198 
62.42729 
%m 
0 
0.00027 
0.00142 
0.00436 
0.01052 
0.02211 
0.0423 
0.0757 
0.12928 
0.2135 
0.34391 
0.54303 
0.84233 
1.28455 
1.92611 
2.83962 
4.11624 
5.86741 
8.22436 
11.3329 
15.33894 
20.36096 
26.44895 
33.5393 
41.42453 
49.75934 
58.1125 
vtot 
0 
0.01562 
0.03764 
0.06368 
0.09109 
0.11764 
0.14228 
0.16533 
0.18763 
0.20965 
0.23117 
0.25141 
0.26951 
0.28481 
0.29696 
0.30593 
0.31206 
0.316 
0.3186 
0.32066 
0.32267 
0.32481 
0.32715 
0.32976 
0.33267 
0.33576 
0.33891 
a 
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0 
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0.92201 
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0.92239 
0.9224 
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1.00952 
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1.00684 
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0.99692 
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0.94277 
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0.92715 
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0.97513 
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0.97992 
0.98216 
0.98445 
0.98664 
0.9886 
0.99033 
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1.0001 
1.00008 
1.00006 
1.00004 
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1.00003 
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0.99935 
0.99907 
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0.99806 
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0.99732 
0.99697 
0.9967 
0.99654 
0.99645 
0.34619 
0.34979 
0.3537 
0.35751 
0.36049 
0.3618 
0.36061 
0.35613 
0.34771 
0.33503 
0.31819 
0.29783 
0.27502 
0.25096 
0.22658 
0.2021 
0.1768 
0.14931 
0.11865 
0.08548 
0.05232 
0.02275 
0 
0.00452 
0.00414 
0.00335 
0.00235 
0.00155 
0.00139 
0.00234 
0.0048 
0.00901 
0.01501 
0.02251 
0.03097 
0.03971 
0.04811 
0.05578 
0.06265 
0.06889 
0.0747 
0.07999 
0.08434 
0.08726 
0.08868 
0.03174 
Overall Average 
51 50 0.11836 0.33429 16.36137 0.26598 0.92117 0.99701 0.97764 0.99999 0.33809 0.00427 
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i. At 25% span 
Figure 1. Leading edge mesh at 25% span Figure 2. Trailing edge mesh at 25% span 
Figure 3. 2D airfoil mesh at 25% span 
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ii. 50% span 
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Iteration vs mdot error 
1000 1500 2000 2500 3C30 
Graph 15. Iteration vs rh error at a = 46° Figure 8. Ps contours at a = 46° 
ii. 75% span 
Figure 9. Leading edge mesh at 75% span Figure 10. Trailing edge mesh at 75% span 
Figure 11. 2D airfoil meshes at 75% span 
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Figure 1. Leading edge mesh at 0% span Figure 2. Leading edge mesh at 25% span 
Figure 3. Leading edge mesh at 75% span Figure 4. Leading edge mesh at 100% span 
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Figure 5. Trailing edge mesh at 0% span Figure 6. Trailing edge mesh at 25% span 
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Figure 7. Trailing edge mesh at 75% span Figure 8. Trailing edge mesh at 100% span 
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Figure 10. Mach number contours for the stator cascade at a = 42° 
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Figure 11. Mach number contours at 25% span at a = 44° 
Figure 12. Mach number contours at 50% span at a = 44° 
Figure 13. Mach number contours at 75% span at a = 44 
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Figure 16. Mach number contours for the stator cascade at a = 44 
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: 
Figure 1. Velocity vectors at the trailing edge at 37.5%) span without flow control 
Figure 2. Velocity vectors at the trailing edge at 50% span without flow control 
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Figure 3. Velocity contours at 37.5% span without flow control 
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Figure 6. Velocity vectors at the trailing edge at 62.5% span with flow control 
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Figure 7. Velocity contours at 37.5% span with flow control 
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